Study of growth parameters for refractory carbide single crystals  Final report, 1 Mar. 1964 - 30 Jun. 1967 by Halden, F. A. & Bartlett, R. W.
Final Report I March 7 ,  1964 to June 30, 1967 
S T U D Y  O F  G R O W T H  P A R A M E T E R S  
F O R  R E F R A C T O R Y  C A R B I D E  S I N G L E  C R Y S T A L S  
Prepared for: 
OFFICE OF RESEARCH GRANTS AND CONTRACTS 
CODE SC 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
WASHINGTON, D.C. 20546 
CONTRACT NASr-49(19) 
69: 
S R I  
C T  
R. W. B A R T L E T T  AE 
Proie ct FMU-48 92 
N 
I 
4D F. A. H A L D E N  
https://ntrs.nasa.gov/search.jsp?R=19670026752 2020-03-16T16:32:37+00:00Z
Final Report I March 7 ,  7964 to June 30, 7967 
"g_"., 
June 30, 7967 
?)STUDY OF GROWTH PARAMETERS 
FOR REFRACTORY CARBIDE SINGLE CRYSTALS 
Prepared for: 
OFFICE OF RESEARCH GRANTS AND CONTRACTS 
CODE SC 
NA TI ONAL A ERONAUTI CS AND SP AC E ADMl N I ST RAT I ON 
WASHINGTON, D.C. 20546 
CONTRACT NASr-49(19) "I * i > L  
! 
. W. B A R T L E T T  AND F. A. H A L D E N  
S R I Project FMU-4892 
Approved: A. E. GORUM, ASSOCIATE EXECUTIVE DIRECTOR 
M A  T E R l  A L  S C I E N C E S  L A B O R  A T O R l  ES 
FOREWORD 
The research descr ibed i n  t h i s  r e p o r t  w a s  performed a t  Stanford 
Research I n s t i t u t e  under Contract  NASr-49(19) wi th  the  Of f ice  of 
Research Grants and Cont rac t s ,  Nat ional  Aeronautics and Space Admin- 
i s t r a t i o n .  D r .  H .  B .  Probst  was the  P r o j e c t  Monitor. The a s s i s t a n c e  
of Mr. James J .  Gangler is  g r a t e f u l l y  acknowledged. 
Th i s  r epor t  covers work conducted between 1 March 1964 and 
30 June 1967. The p r i n c i p a l  i n v e s t i g a t o r s  were F. A .  Halden and 
R .  W .  B a r t l e t t .  The au thors  wish t o  acknowledge the  a s s i s t a n c e  of 
J .  W .  Fowler, m e l t  growth; W .  E .  Nelson, s o l u t i o n  growth; J .  B .  
Saunders, X-ray d i f f r a c t i o n ;  H .  J .  Eding, vapor izat ion and s t o i c h i-  
ometry c a l c u l a t i o n s ;  and C .  W .  Smith, sound v e l o c i t y  measurements. 
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ABSTRACT 
The f e a s i b i l i t y  of growing s i n g l e  c ry s t a l s  of t h e  most r e f r a c t o r y  
metal  ca rb ides  from t h e i r  m e l t s  and from l i q u i d  m e t a l  s o l u t i o n s  w a s  
inves t iga ted .  Boules produced by an a-c arc- heated Verneui l  technique 
yie lded cut  s i n g l e  c rys ta l s  of tantalum monocarbide and hafnium mono- 
carbide .  C r y s t a l s  of tantalum monocarbide up t o  1 inch long were 
obta ined.  Spontaneous nucleat ion of new g r a i n s  dur ing  c r y s t a l  growth 
usua l ly  prevented the  ha rves t ing  of c r y s t a l s  longer than 0 .4  inch.  
Mixed tantalum carb  ide/ha f n ium carb  ide  s o l  id- so l u t  ion c r y  s t a Is l a r g e  
enough f o r  physical  proper ty  measurements were not  obtained because 
of excess ive  nucleat ion dur ing growth. The carbon content  of tantalum 
monocarbide c r y s t a l s  w a s  lowered t o  43-46 atomic percent  by vaporiza-  
t i o n  of carbon dur ing  c r y s t a l  growth. Fur the r  carbon dep le t ion  was 
prevented by us ing  a hydrogen/argon gas mixture.  The e l a s t i c  cons tan t s  
of TaC c rys t a l s  were determined by an u l t r a s o n i c  method. Verneuil  
m e l t  growth us ing  induct ion plasma h e a t i n g  was unsuccessful .  Liquid 
metal s o l u t i o n  growth d id  not  y i e l d  c r y s t a l s  l a r g e r  than 0 . 2  mm. 
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I INTRODUCTION 
I n t e r e s t  i n  r e f r a c t o r y  carbide compounds has increased considerably 
i n  recent  years  a s  a r e s u l t  of t h e  increas ing  number of aerospace appl i-  
c a t i o n s  r equ i r ing  ma te r i a l s  t h a t  a r e  s t a b l e  above 25OOOC.  Such appl ica-  
t i o n s  a r e  i n  r e e n t r y  systems, rocket  nozz les ,  e l e c t r i c a l  propuls ion 
devices ,  and o the r  high temperature s t r u c t u r e s .  Unfortunately,  i n s u f f i -  
c i e n t  ba s i c  information is  a v a i l a b l e  t o  a s s i s t  i n  t h e  eva lua t ion  of the  
most r e f r a c t o r y  of t h e s e  compounds, tantalum carb ide ,  hafnium carb ide ,  
and t h e i r  mixed s o l i d  s o l u t i o n s .  The p u r i t y  of t h e s e  compounds has 
gene ra l ly  been poor; f a b r i c a t i o n  of dense,  r e l i a b l e  shapes i s  d i f f i c u l t ;  
and s i n g l e  c r y s t a l s  have not been ava i l ab l e .  To ob ta in  much of t h e  
data  on physical  c h a r a c t e r i s t i c s  of these ma te r i a l s ,  s i n g l e  c r y s t a l  
specimens a r e  requi red .  The National Aeronautics and Space Administra- 
t i o n  has t h e r e f o r e  engaged Stanford Research I n s t i t u t e  t o  i n v e s t i g a t e  
t h e  f e a s i b i l i t y  of s e l e c t e d  c r y s t a l  growth methods f o r  preparing these 
s i n g l e  c r y s t a l s .  
A .  Object ives  
The program has been r e s t r i c t e d  t o  tantalum carb ide ,  hafnium carb ide ,  
and mixed s o l i d  s o l u t i o n s  of these t w o  c a rb ides .  The ob jec t ives  of t h e  
program were : 
1. 
2.  
3. 
To determine t h e  f e a s i b i l i t y  of and procedures f o r  applying 
r ecen t ly  developed l iquid-metal  s o l u t i o n  c r y s t a l  growth 
techniques and new hea t ing  methods f o r  Verneuil c r y s t a l  
growth t o  prepara t ion  of t h e  r e f r a c t o r y  carb ide  s i n g l e  c r y s t a l s .  
To grow, using t h e  most promising technique,  s i n g l e  c r y s t a l s  
of r e f r a c t o r y  carb ides  and t o  cha rac t e r i ze  these c r y s t a l s .  
To e s t a b l i s h  t h e  f e a s i b i l i t y  of c o n t r o l l i n g  c r y s t a l  s t o i c h i-  
ometry and s t r u c t u r e  by modif icat ions i n  t h e  c r y s t a l  growth 
environment. 
1 
n 
B. Technical Background 
1. Refractory Carbides 
The most recent phase diagrams” for the tantalum-carbon and 
hafnium-carbon systems are shown in Figs. 1 and 2, respectively. Two 
compounds are found in the tantalum carbon system with nominal composi- 
tions Ta C and TaC. Only one compound, HfC, exists in the hafnium- 
carbon system, This program is concerned with crystal growth of the 
monocarbides, which have the highest melting points of all congruently 
melting substances. These compounds are completely miscible solids, 
with the NaCl structure. Because of the very small size of the carbon 
atoms, they occupy the interstices of a face-centered cubic array of 
the larger metal atoms. Consequently, carbon vacancies are easily 
tolerated, permitting the wide homogeneity range shown in the phase 
diagrams. 
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FIG. 2 PHASE DIAGRAM OF THE SYSTEM HAFNIUM-CARBON (from Rudy2) 
2. Crys ta l  Growing Methods 
Although there  a r e  a number of techniques for growing c r y s t a l s ,  
most of the  major methods can be grouped i n t o  three general  c l a s s e s :  
( a )  growth from t h e  m e l t ,  ( b )  growth from s o l u t i o n ,  and ( c )  growth from 
a vapor phase. 
t i o n s  f o r  growth of t h e  r e f r a c t o r y  carb ides .  
Each of these methods has  c e r t a i n  advantages and l imi t a-  
a .  M e l t  G r o w t h  
M e l t  growth o f f e r s  the  g r e a t e s t  p o t e n t i a l  for producing l a r g e  
s i n g l e  c r y s t a l s  o f  r e f r a c t o r y  carb ides  a t  reasonable  growth r a t e s .  
I dea l l y ,  i n  a l l  modi f ica t ions  of t h i s  genera l  technique,  t h e  m e l t  is 
maintained s l i g h t l y  above t h e  melt ing po in t ,  w h i l e  the  c r y s t a l l i z i n g  
s o l i d  is held j u s t  below t h e  melt ing temperature.  Once growth is 
3 
completed, the  c r y s t a l  i s  cooled t o  room temperature under condi t ions 
minimizing thermal g rad i en t s  through t h e  c r y s t a l  i n  order t o  minimize 
r e s i d u a l  stresses. Attainment of t h e  high temperatures required t o  
m e l t  these carb ides  i s  t h e  major obs t ac l e  t o  the use of m e l t  growth. 
Other  d i f f i c u l t i e s  assoc ia ted  w i t h  t h e  high melt ing temperatures in-  
c l u d e  t h e  fol lowing:  
( 2 )  
s e l e c t i v e  dep le t i on  of t h e  carbon occurs i n  tantalum carbide;  (3) s h i f t s  
i n  s toichiometry can be q u i t e  l a r g e  w i th in  the monocarbide phase; and 
(4 )  stresses induced thermally during c r y s t a l  growth or during cool ing 
may be vary l a r g e .  
(1) high defect concentrat ions invar iab ly  occur;  
vapor iza t ion  r a t e s  of  t h e  components of each carb ide  a r e  high, and 
I n  the  presen t  s t u d y ,  two hea t ing  methods were inves t i ga t ed :  
an induction-coupled plasma to rch  and an e lec t r ic  a r c  discharge.  The 
induction-coupled plasma to rch  provides  a l a r g e  diameter,  low ve loc i ty  
plasma i n  t h e  v i c i n i t y  of a c r y s t a l  b o u l e .  By s u i t a b l e  manipulation, 
t h i s  plasma can s imula te  the  geometry of the  combustion flame employed 
i n  the  normal Verneuil process .  Since t h e  induct ion plasma does not 
r equ i r e  e l ec t rodes  or o t h e r  apparatus  components i n  contact  w i t h  t h e  
plasma, chemically r e a c t i v e  gases  such  a s  methane o r  halogens can be 
used without ex tens ive  cor ros ion  of t h e  apparatus  or contamination of 
t h e  growing c r y s t a l s  by t h e  apparatus .  
An a r c  d i scharge  is  capable  of genera t ing  very h igh  tempera- 
t u r e s .  Since the  carb ides  a r e  e l e c t r i c a l l y  conducting, a r c  melting by 
d i rec t  d i scharge  of the  a r c  t o  a growing c r y s t a l  boule i s  f e a s i b l e .  
Other  mel t ing procedures,  inc luding  e l e c t r o n  beam hea t ing  and 
a r c  image hea t ing ,  were considered and found t o  be unsu i t ab l e  for a t -  
t a i n i n g  t h e  requi red  temperatures i n  the  atmospheres needed t o  con t ro l  
vapor iza t ion .  Consequently, experimental work on m e l t  growth was re- 
s t r i c t e d  t o  t h e  induc t ion  plasma and a r c  hea t ing  methods. 
b.  So lu t ion  Growth 
Since s o l u t i o n  growth of  r e f r a c t o r y  carb ides  i n  metal men- 
s t r u u m s  can be accomplished a t  much lower temperatures than m e l t  growth, 
4 
many of t h e  expected disadvantages of m e l t  growth a r e  not l i k e l y  t o  be 
encountered i n  s o l u t i o n  growth experiments. However, t h e r e  a r e  o t h e r  
p o t e n t i a l  obs t ac l e s  t o  growth of l a r g e  c r y s t a l s  by t h e  s o l u t i o n  method: 
(1) inadequate  s o l u b i l i t y  of carbon, tantalum, or hafnium i n  p o t e n t i a l  
so lvents ;  (2) excess ive  spontaneous nuc lea t ion  o f  c r y s t a l s ;  (3) chemical 
r eac t ions  involving t h e  c r u c i b l e  or seed holder  ma te r i a l s ;  and ( 4 )  con- 
taminat ion of t h e  c r y s t a l s  by t h e  so lven t .  Liquid metal s o l u t i o n  c r y s t a l  
growth techniques were inves t i ga t ed  i n  t h e  presen t  program. 
c. Vapor Growth 
Vapor growth of carb ides  by t h e  Van Arkel and s i m i l a r  processes  
has been used for many years  t o  prepare high p u r i t y  carb ides .  I n  t h i s  
technique,  a h a l i d e  of t h e  metal i s  normally reac ted  wi th  hydrogen and 
a hydrocarbon, or a p y r o l y t i c  process  i s  employed, t o  depos i t  t h e  car-  
bide  on a hot  su r f ace .  This  method s u f f e r s  from low growth r a t e s  and 
d i f f i c u l t i e s  i n  prevent ing random c r y s t a l  nuc lea t ion .  Consequently, i t  
does not  appear s u f f i c i e n t l y  promising f o r  producing l a r g e  s i n g l e  
c r y s t a l s  of t h e  r e f r a c t o r y  carb ides  and was no t  inves t iga ted  i n  t h e  
presen t  program. 
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I1 SUMMARY 
Boules of TaZoa9 and HfC were grown from t h e  m e l t  us ing ac  a r c  
hea t ing  (Verneuil  method). The hafnium carbide  boules  were f u l l y  car-  
bur ized ;  t h e  tantalum carb ide  boules had a carbon content  of 43 t o  
46 a t  .% (TaSo .9) b u t  were f r e e  of the  Ta C phase. Spontaneous nuclea- 
t i o n  of new g r a i n s  dur ing c r y s t a l  growth was the  major problem hinder-  
ing the  ha rves t ing  of l a r g e  s i n g l e  c rys ta l s .  Although most boules 
contained l a r g e  g r a i n s ,  only a few of t h e  tantalum carb ide  boules were 
e n t i r e l y  f r e e  of g ra in  boundaries.  Never theless ,  c u t  s i n g l e  c r y s t a l  
b a r s  of tantalum carb ide  up t o  one inch i n  length  were produced. Mixed 
s o l i d  s o l u t i o n  boules  were grown from 2w0 HfC/8wo TaC and 4w0 HfC/6w0 
TaC powders. Grain boundary d e n s i t y  w a s  somewhat h igher  i n  mixed s o l i d  
s o l u t i o n  boules  i n  s i n g l e  ca rb ides .  The p r i n c i p a l  reason f o r  excess ive  
nuc lea t ion  in  these  compositions was probably the  poor c o n t r o l  obtained 
over t h e  s t a r t i n g  carbide  powders. 
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Solut ion growth yie lded carbide  c r y s t a l s  from a v a r i e t y  of men- 
struums, b u t  c r y s t a l  s i z e  d i d  not exceed 0 . 2  mm. Nucleation of f i n e  
carbide  c r y s t a l s  and continuous d i s p e r s i o n  of these  c r y s t a l s  throughout 
the  m e t a l  s o l u t i o n ,  caused by f r e e  convective mixing of t h e  s o l u t i o n ,  
prevented growth of l a r g e r  c rys ta l s .  
Induction plasma h e a t i n g  w a s  n o t  capable of mel t ing s to ich iomet r i c  
tantalum carb ide  or hafnium carb ide .  
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I11 MELT GROWTH BY ARC HEATING 
Considerable e f f o r t  was d i r e c t e d  toward developing a d i r e c t  a r c  
mel t ing system s u i t a b l e  f o r  Verneuil  c r y s t a l  growth of tantalum carb ide  
and hafnium carb ide .  This  e f f o r t  cons i s t ed  of (1)  a prel iminary test 
phase t o  determine t h e  f e a s i b i l i t y  of a r c  mel t ing ;  (2)  design and oper- 
a t i o n  of a pre l iminary d i r e c t  a r c  c r y s t a l  grower; and (3) design and 
operat ion of a l a r g e r  a r c  c r y s t a l  grower incorporat ing s e v e r a l  design 
improvements d i c t a t e d  by the  opera t ing  experience wi th  i ts  predecessor.  
A .  F e a s i b i l i t v  S tud ies  w i t h  Tantalum Carbide and Hafnium Carbide 
The f e a s i b i l i t y  of us ing a r c  mel t ing f o r  Verneui l  growth of t h e  
r e f r a c t o r y  ca rb ides  was explored by (1) a l i t e r a t u r e  review, and (2 )  
pre l iminary a r c  mel t ing tests. Considerable a t t e n t i o n  was paid t o  
vapor izat ion of the  c r y s t a l  components and c o n t r o l  of c ry s t a l  s t o i c h i-  
ometry. The l i t e r a t u r e  f ind ings  a r e  summarized i n  Appendix A .  The 
r e s u l t s  ind ica ted  t h a t  c o n t r o l  of stoichiometry dur ing mel t ing would 
not be too  d i f f i c u l t  f o r  hafnium carbide .  Tantalum carbide  w a s  expected 
t o  l o s e  carbon dur ing mel t ing,  but  it appeared l i k e l y  t h a t  the  composi- 
t i o n  could be maintained wi th in  t h e  monocarbide homogeneity range by 
us ing  ca rbur iz ing  gas  environments 
Pre l iminary a r c  mel t ing tests were made on smal l  p o l y c r y s t a l l i n e  
tantalum carb ide  and hafnium carbide  bodies t o  determine the  f e a s i b i l i t y  
of the  a r c  h e a t i n g  method and t o  measure changes i n  s to ichiometry  re- 
s u l t i n g  from vapor iza t ion  occurr ing dur ing mel t ing.  The furnace used 
f o r  t h e s e  tests provided f o r  in t roducing two h o r i z o n t a l  1/4-inch carbon 
e l e c t r b d e s  and one v e r t i c a l  c r y s t a l  support  p e d e s t a l .  N o  provis ion f o r  
r o t a t i o n  of t h e  e l e c t r o d e s  or seeds  was made. Both dc and ac a rc  m e l t -  
ing tests were made us ing  b a l l a s t  r e s i s t o r s  or s a t u r a b l e  core  r e a c t o r s  
t o  match the  arc load c h a r a c t e r i s t i c s  wi th  a v a i l a b l e  power s u p p l i e s .  
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When the  pedes ta l  w a s  insu la ted  t o  prevent a rc  discharge  through the  
carbide  , melt ing of the  r e f r a c t o r y  ca rb ides  i n s e r t e d  between the  elec- 
t rodes  could no t  be achieved. When t h e  c r y s t a l  support  pedes ta l  w a s  
grounded, r a t h e r  than i n s u l a t e d ,  and used a s  p a r t  of the  a r c  c i r c u i t ,  
both tantalum carb ide  and hafnium carbide  melted a t  r e l a t i v e l y  l o w  
power l e v e l s .  To inc rease  the  symmetry of t h e  molten cap,  two elec- 
t rodes  w e r e  discharged t o  t h e  carbide  sample and, l a t e r ,  i n  the  f i n a l  
c ry s t a l  growing furnace ,  t h r e e  h o r i z o n t a l  e l e c t r o d e s  were used. 
Several  tests were made t o  examine changes in  s to ichiometry  r e s u l t -  
ing from mel t ing hafnium carbide  and tantalum carbide  in var ious  gas- 
eous environments. For these  tests, hafnium carbide  was hot-pressed a t  
3500 p s i  and 23OO0C, a s  recommended by  Sanders and G r i s a f f e , 3  t o  form 
c i r c u l a r  d i s c s  1 inch i n  diameter and 0 . 1  inch t h i c k  having a dens i ty  
of approximately 85% of t h e o r e t i c a l .  These d i s c s  were c u t  t o  form rods 
0.1 inch square and 1/2 t o  1 inch in  length .  Plasma-sprayed tantalum 
carbide  in  the form of rods  was a l s o  used in some of the  tests. D e n s i t y  
of these  samples was approximately 75% of t h e o r e t i c a l .  These rods were 
melted i n  the  a r c  furnace i n  the  presence of argon,  hydrogen, ace ty lene ,  
and mixtures of these  gases .  The m e l t s  were he ld  a t  temperature for 
per iods  of 1 t o  5 minutes. Samples were then quenched and sect ioned 
through the  previously  melted zone. The top por t ion  ( m e l t  cap) was 
ground f o r  X-ray evaluat ion of the  carbide  l a t t i c e  parameter, and the  
cut  f a c e  of t h e  lower por t ion was polished f o r  meta l lographic  examination. 
4-6 Figure  3 shows a composite curve f o r  l a t t i c e  constant  a s  a 
funct ion of carbon content  i n  the  l a t t i c e .  Using the  da ta  from F ig .  3, 
t h e  carbon content  (s to ichiometry)  of melted tantalum carbide  samples 
was determined. The l i t e r a t u r e  da ta  on l a t t i c e  parameter v a r i a t i o n  
wi th  carbon content  for hafnium carbide  a r e  not  i n  good agreement. 
The most recent d a t a  of Rudy a r e  shown i n  F ig .  4. 2 
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Some of the  d a t a  f o r  both arc-melted tantalum carbide  and hafnium 
carbide  a r e  shown i n  Table I .  For tuna te ly ,  wi th  the  exception of one 
sample melted i n  argon, t h e  hafnium carbide  samples showed some increase  
i n  l a t t i c e  parameter and carbon content  a f t e r  mel t ing.  Fur the r  tests 
in  the  c r y s t a l  growth furnace showed t h a t  the  s to ichiometry  s h i f t s  of 
hafnium carbide  in  10% argon w e r e  n e g l i g i b l e  a t  1 atm pressure  i f  the 
hot  carbon e l e c t r o d e s  were c l o s e l y  spaced. Th i s  is  i n  agreement wi th  
Deadmore's f indings7 '*  t h a t  the  vapor iza t ios  rates of hafnium and car- 
bon from hafnium carbide  are approximately equal .  Consequently, the re  
is no s h i f t  i n  s to ichiometry  even though the  rate of evaporation of 
hafnium carbide  a t  high temperatures i s  q u i t e  r ap id .  
In  tantalum carb ide ,  the  evaporat ion r a t e  of tantalum is much 
lower than the  evaporation rate  of carbon and, consequently,  carbon 
becomes deple ted from the  m e l t .  This  phenomenon lowers t h e  mel t ing 
p o i n t  ( so l idus )  and i f  c a r r i e d  t o  completion w i l l  r e s u l t  i n  p rec ip i-  
t a t i o n  of t h e  hexagonal close-packed Ta C phase a f t e r  s o l i d i f i c a t i o n  2 
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C a rb  i d e  
TaC 
HfC 
Table I 
LATTICE PARAMETERS OF ARC-MELTED MONOCARBIDES 
M e l t  Treatment 
Time 
(min) Gas Environment 
0 
5 
5 
5 
5 
5 
1 
5 
5 
1 
0 
0 
5 
1 
5 
1 
S t a r t i n g  powder 
95 Ar/5 H2 
90 A r / l O  H2 
80 Ar/20 H2 
60 Ar/40 H2 
100 H 
2 
100 H2 
85Ar /10H 2/5C 2H 
100 A r  
95 Ar/5 C2H2 
S t a r t i n g  powder 
Hot pressed 
100 A r  
2 
70 Ar/30 H 
95 Ar/5 C2H2 
100 H2 
L a t t i c e  
Parameter 
(1) 
4.456 + 0,001 - 
4.451 + 0,002 
4.437 + 0.002 
- 
- 
4.434 - + 0.002 
4.424 + 0.002 - 
4.449 - + 0.002 
4.436 + 0.002 
4.428 + 0.005 
4.418 + 0.002 
- 
- 
- 
4.414 + 0.002 
4.631 + 0.001 
4.632 + 0.001 
4.618 + 0.001 
4.633 + 0.001 
- 
- 
- 
- 
- 
4.640 + 0.001 
4.642 + 0.001 
- 
- 
Carbon 
( A t  .%) 
49.5 
49 .O 
46.5 
46 . O  
44 .O  
48 .O  
46 .O 
44.5 
42.0 
42.0 
43 .O 
43.5 
38.0 
44.0 
49 .O 
49.5 
Number of 
Pha se s 
1 
1 
1 
1 
2 (Ta2c) 
2 (Ta2C) 
1 
1 
1 
1 
1 
1 
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and f u r t h e r  cool ing .  The p r e c i p i t a t i o n  of Ta C occurs  on l o w  index 
planes of the  TaC l a t t i c e  and provides a Widmanstgtten s t r u c t u r e  t h a t  
is v i s i b l e  a f t e r  po l i sh ing  and e tch ing  the  sample.' 
Widmanstgtten s t r u c t u r e  is  a r a t h e r  s e n s i t i v e  
t a t i o n  of Ta C .  When only small  amounts of Ta C w e r e  produced, the  
p r e c i p i t a t e s  w e r e  u sua l ly  found near  the  g ra in  boundaries,  a s  shown in  
Fig .  5 ( a ) .  When l a r g e r  amounts of Ta C w e r e  p r e s e n t ,  the  Widmanststten 
s t r u c t u r e  w a s  observed throughout the  monocarbide f i e l d ,  a s  shown i n  
F ig .  5 (b ) .  
2 
Appearance of the  
i n d i c a t o r  of p rec ip i-  
2 2 
2 
Brauer ' s  ze ta  TaC phase ,6  a pseudomorph t h a t  has  been repor ted  1-x 
t o  form e p i t a x i a l l y  on subs to ichiometr ic  TaC, was not  i d e n t i f i e d  in  any 
of the  many samples examined by X-ray d i f f r a c t i o n .  This  r e s u l t  is ex- 
I plained by t h e  r ecen t  observat ion t h a t  ze ta  TaC only forms when 
cool ing  from temperatures below 25OO0C, i n  the  region of t h e  shaded 
a rea  i n  t h e  phase diagram of F ig .  1. 
1- x 
The carbon con ten t s  of the  s t a r t i n g  m a t e r i a l s  l i s t e d  i n  Table I 
a r e  not  unexpectedly low. A s  t he  phase diagrams show, the  carbon l a t -  
t i c e  p o s i t i o n s  i n  tantalum carbide  and hafnium carbide  ( i n t e r s t i c e s  i n  
a FCC tantalum and FCC hafnium l a t t i c e )  a r e  never completely f i l l e d .  
The carbon contents  a t  the  maximum mel t ing  p o i n t s  a r e  47 a t . %  f o r  
tantalum carbide  and 48.5 a t . %  f o r  hafnium carbide .  
Methods were sought t o  r e t a r d  the  l o s s  of carbon dur ing  the melt- 
ing of tantalum ca rb ide .  Addit ions of hydrocarbons which could con- 
t r i b u t e  carbon t o  the  atmosphere and p a r t i a l l y  compensate f o r  the  l o s s  
of vaporized carbon were employed. A s  w i l l  be shown i n  Appendix A ,  
ace ty lene  is, from a thermodynamic viewpoint,  the  m o s t  favored common 
gas f o r  t h i s  purpose. However, hydrogen add i t ions  t o  argon were found 
t o  be more e f f e c t i v e  than add i t ion  of hydrocarbon gases .  I t  appears 
t h a t  hdyrogen r e a c t s  wi th  the  hot  carbon e lec t rodes  t o  t r a n s f e r  carbon 
t o  the  molten boule. Small a d d i t i o n s  of hydrogen, 5 t o  lo%,  a r e  suf-  
f i c i e n t  to  maintain the  carbon content  a t  45 a t . %  and w e l l  wi th in  the  
composition f i e l d  of the  TaC phase. These tests were performed a t  a 
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FIG. 5 (a) LIGHT To,C PRECIPITATION IN THE INTERIOR 
OF THE BOULE WITH PREFERRED PRECIPITATION 
ALONG SUBGRAIN BOUNDARIES (arrow); (b) HEAVY 
Ta,C WIDMANSTZTTEN PRECIPITATION NEAR 
SURFACE OF BOULE; ETCHED, 1600X 
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t o t a l  pressure  of 1 a t m .  In subsequent tests, it w a s  determined t h a t  
i f  t h e  t o t a l  pressure  drops  below approximately 200 mm Hg, carbon de- 
p l e t i o n  is extensive  and Ta C r e s u l t s  r e g a r d l e s s  of the  environmental 
gas used.  
2 
B.  Vaporization and Stoichiometry of Hafnium Carbide/Tantalum Carbide 
Mixtures dur ing M e l t  Growth 
Experiments wi th  mixed s o l i d  s o l u t i o n  ca rb ides  were no t  attempted 
u n t i l  t h e  complete c r y s t a l  growing apparatus  w a s  opera t ing.  Boules 
grown from mixed s o l i d  s o l u t i o n  ca rb ide  powders showed some l o s s  of 
carbon and dep le t ion  of hafnium dur ing m e l t  growth. However, r e s u l t s  
were i n  e x c e l l e n t  agreement wi th  the  behavior based on e x t r a p o l a t i n g  
Deadmore's data8 f o r  mixed s o l i d  s o l u t i o n  ca rb ides  taken a t  260OoC and 
lower temperatures.  
X-ray d i f f r a c t i o n  ana lyses  and X-ray f luorescen t  ana lyses ,  wi th  a 
LiF monochrometer, w e r e  used t o  determine changes i n  meta l  compositions 
and estimate carbon l o s s e s  f o r  s e v e r a l  boules .  Standard curves  were 
made, p l o t t i n g  r e l a t i v e  hafnium and tantalum X-ray f luorescen t  inten-  
s i t y  (peak height/sum of peak h e i g h t s  f o r  both hafnium and tantalum) 
versus  t h e  known metal  composition of s e v e r a l  ca rb ides .  The tantalum 
L and hafnium L f l u o r e s c e n t  peaks were used. These curves ,  shown i n  
F ig .  6 ,  were made wi th  t h e  following s t a r t i n g  powders: tantalum carbide ,  
hafnium carb ide ,  4W0 hafnium carbide/6Wo tantalum carb ide ,  and 20% haf-  
nium carbide/8Wo tantalum carb ide .  
o! CY 
Lat t i ce  parameters were determined f o r  t h e s e  same m a t e r i a l s  us ing  
X-ray d i f f r a c t i o n .  These d a t a ,  shown as  c losed circles  i n  F ig .  7 ,  con- 
form reasonably w e l l  w i th  a l i n e a r  r e l a t i o n s h i p  between l a t t i ce  parameter 
and composition f o r  our  s t a r t i n g  powders of s o l i d  s o l u t i o n  ca rb ide  mix- 
tures.  There w a s  considerable  l i n e  broadening of the  40% hafnium car- 
bide/6% tantalum carb ide ,  i n d i c a t i n g  incomplete homogenization of t h i s  
s t a r t i n g  m a t e r i a l .  
shown as open circles i n  F ig .  7 .  
S imi la r  l a t t i ce  parameter d a t a  by Deadmore' are 
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Fluorescent analyses of crushed boules are given in Table 11. These 
analyses used the standard curves of Fig. 6. 
loss of carbon in these boules, this is not expected to affect the metal 
analyses because of the low total carbon content and low X-ray absorp- 
tion coefficient of carbon. 
Although there was some 
Table I1 
X-RAY ANALYSES OF MIXED CARBIDE BOULES 
2arbide Powder 
Composition 
40% HfC 
60% TaC 
40% HfC 
60% TaC 
20% HfC 
80% TaC 
20% HfC 
80% TaC 
Run No. 
9-30-2 (66) 
10-5-l(66) 
10-6-1 (66) 
10-7-1 (66 ) 
Atmosphere 
Argon, 1 atm 
10% H2-Ar, 1 atm 
Argon, 1 atm 
5% H2-Ar, 1 atm 
Boule Metal 
Composition 
%H f 
36 
35 
19 
20 
%T a 
64 
65 
81 
80 
It can be seen from Table I1 that the hafnium content in the 40/60 car- 
bide decreased from 40$ to about 35% of the total metal content of the 
boules, while the hafnium content of the 20/80 carbide did not change 
significantly. These data agree with the relative hafnium and carbon 
vaporization rates determined by Deadmore8 for mixed hafnium carbide/ 
tantalum carbide solid solutions. Deadmore's data are reproduced in 
Fig. 8. The hafnium and tantalum vaporization rates are almost equal 
at the 20% hafnium carbide/80$ tantalum carbide composition, and there- 
fore the metal ratio will not change while the compound is held at 
vaporizing temperatures. 
bide composition, the hafnium vaporization rate is significantly higher 
than that of tantalum, causing a reduction in the hafnium/tantalum ratio 
of the residual carbide upon heating to vaporizing temperatures. 
At the 405 hafnium carbide/60$ tantalum car- 
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FIG. 8 MOLAR VAPORIZATION RATES OF CARBON, 
HAFNIUM, TANTALUM, AND TOTAL METAL 
(hafnium plus tantalum) FOR TANTALUM CARBl DE- 
HAFNIUM CARBIDE AT 260OoC IN VACUUM. 
Calculated from 20-hour sublimate compositions and 
instantaneous vaporization rate. (after Deadmore*) 
For a l l  compositions of these mixed carbides  o t h e r  than  100% hafnium 
carbide ,  t h e  carbon vapor iza t ion  r a t e  exceeds t h e  t o t a l  metal vaporiza- 
t i o n  r a t e  and t h e r e  is a ne t  l o s s  of carbon i n  t h e  r e s i d u e  a s  a r e s u l t  
of hea t ing  or boule growth. The carbon loss i s  accompanied by a reduc- 
t i o n  i n  l a t t i c e  parameter (see Fig. 7). 
with  carbon content  is  unknown f o r  t h e  mixed ca rb ide  compounds, but can 
be i n f e r r e d  from a weighted average of s i m i l a r  da ta  f o r  hafnium carbide  
The change i n  l a t t i c e  parameter 
2 
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and tantalum carbide .  This comparison i n d i c a t e s  a carbon content  of 
45-47 a t . %  f o r  t h e  20180 carbide  boules and 44-46 a t . %  f o r  t h e  40160 
carbide  boules. 
C. Apparatus Design 
Figures 9 and 10 show t h e  major des ign  f e a t u r e s  of t h e  f i n a l  
(Model 2) a r c  Verneuil furnace.  
water-cooled vacuum chamber i n t o  which t h r e e  hor i zon ta l  e l e c t r o d e s  and 
I t  c o n s i s t s  of an 8-inch-diameter 
a boule holder  a r e  i n s e r t e d .  The boule holder  e n t e r s  through t he  bot- 
tom f l ange  and a c t s  a s  a common ground e lec t rode ,  and t h e  smal ler  hori-  
zon ta l  e l e c t r o d e s  d ischarge  t o  t h e  boule.  The t h r e e  hor i zon ta l  e l ec t rodes  
a r e  o r i en ted  120° from each o t h e r  and have a common projec ted  i n t e r s e c t i o n  
a t  t h e  a x i s  of t he  boule holder .  Loci of a l l  four  i n t e r s e c t i n g  a x i s  a r e  
maintained wi th in  a 0,25 mm diameter region during r o t a t i o n  of t h e  
e l ec t rodes  and boule. 
The boule holder  is  a centerless-ground s t a i n l e s s  s t e e l  rod,  1 inch 
i n  diameter ,  support ing a high p u r i t y  (National Carbon Grade AUC) graph- 
i t e  pedes ta l .  The boule holder  i s  r o t a t e d  and lowered by means of two 
va r i ab le  speed motors mounted on a c a r r i a g e  beneath t h e  furnace. Four 
segmented copper-graphite brushes mounted below t h e  furnace provide 
e l e c t r i c a l  contac t  t o  t h e  boule holder  and help  t o  remove hea t .  Addi- 
t i o n a l  hea t  i s  removed through t w o  copper-graphite s l eeve  bear ings ,  
mounted above and below t h e  brushes. 
permits  evacuation of t h e  furnace chamber. S ince  most of t h e  feed 
powder c o l l e c t s  a t  the bottom of t h e  furnace  chamber, an i n s u l a t i n g  
boron n i t r i d e  cover- plate surrounds the boule holder  a t  t h e  bottom of 
t h e  furnace  and prevents  carbide  p a r t i c l e s  f r o m  f a l l i n g  i n t o  t h e  s e a l  
and bear ing  housing. 
t h e  furnace  a r e  p e r i o d i c a l l y  removed w i t h  a vacuum probe. 
A double quad r i n g  s e a l  (Viton) 
Carbide p a r t i c l e s  which c o l l e c t  i n  t h e  bottom of 
The hor i zon ta l  e l ec t rodes  a r e  s i m i l a r  t o  t h e  v e r t i c a l  boule holder .  
S izes  a r e  sca led  down because of t h e  lower power requirements f o r  each 
of t h e  t h r e e  hor i zon ta l  e l ec t rodes .  The hor izon ta l  e l ec t rodes  a r e  ro- 
t a t e d  a t  a f ixed  speed, 1 rpm. The stand-off d i s t a n c e  or gap separa t ing  
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SHOWING THREE HORIZONTAL ELECTRODES 
the boule  from each e l e c t r o d e  i s  con t ro l l ed  by i n s e r t i n g  o r  withdrawing 
t h e  e l e c t r o d e ,  us ing  a manually adjus ted  d r i v e  screw mounted o u t s i d e  
the e l e c t r o d e  assembly and not shown i n  Figs.  9 and 10. 
copper-graphite brush segments a r e  used t o  conduct cu r ren t  i n t o  each 
hor izon ta l  e l ec t rode .  Copper-graphite s l eeve  bear ings  a r e  used t o  
support the  e l e c t r o d e  s h a f t s  and t o  maintain alignment dur ing  r o t a t i o n .  
These a r e  located  on ei ther  side of t h e  e l e c t r i c a l  brushes.  Quad r i n g s  
a r e  used a s  s e a l i n g  glands.  
Two s p l i t  
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The hor izon ta l  e l e c t r o d e  s h a f t s  a r e  f a b r i c a t e d  f r o m  s t a i n l e s s  steel 
and g raph i t e .  The s t a i n l e s s  steel s e c t i o n  extends from o u t s i d e  t h e  fur-  
nace through the  brushes,  bear ings ,  and vacuum s e a l i n g  gland. The hor i-  
zon ta l  e l e c t r o d e  s h a f t s  a r e  1/2 inch i n  diameter ,  and t h e  s t a i n l e s s  
steel s e c t i o n  is  followed by an in termedia te  s e c t i o n  of high s t r e n g t h  
g r a p h i t e  (National  Carbon Grade ATJ) .  Electrode t i p s  a r e  1/4 inch i n  
diameter and machined from spect rographic  grade g raph i t e .  They recess 
i n t o  t h e  ATJ  g r a p h i t e  sec t ion .  The furnace  was designed t o  permit con- 
sumption of three inches of e l e c t r o d e  l eng th  before  a shu t  down for 
replacement of e l ec t rodes .  Boron n i t r i d e  s l eeves  surround each e l e c t r o d e  
a s  it e n t e r s  the  furnace  chamber. These s leeves  a c t  a s  a secondary 
alignment guide  f o r  each e lec t rode ,  and they ensure e l e c t r i c a l  insula-  
t i o n  of t h e  e l e c t r o d e  and prevent p a r t i c u l a t e  mat ter  from e n t e r i n g  t h e  
e l ec t rode  housing. The boule holder  and the  furnace  chamber a r e  grounded. 
The hor izon ta l  electrodes and e l e c t r o d e  support assembly were insu la ted  
from t h e  remainder of the furnace  using a Teflon gland and gasket .  
A c y l i n d r i c a l  g r a p h i t e  s h i e l d  encloses  t h e  boule holder .  T h i s  
s h i e l d  can be heated t o  2300'C by r a d i a t i o n  from a surrounding g r a p h i t e  
r e s i s t a n c e  element, not shown i n  Figs.  9 and 10. This arrangement was 
designed t o  provide annealing of the boules or t o  permit slow cooling 
of the boules grown i n  t h e  adjacent  a r c .  Power f o r  t h e  r e s i s t a n c e  
hea te r  element i s  provided by a v a r i a b l e  t ransformer w i t h  a r a t e d  ou t-  
put of 6 v o l t s  and 1500 amps. The r a d i a t i o n  h e a t e r  was designed t o  
provide gradual  cool ing  from temperatures above t h e  lower temperature 
l i m i t  for p l a s t i c  deformation, which is  between 1825OC and 1925OC f o r  
p o l y c r y s t a l l i n e  tantalum carbide."  
s i b i l i t y  of thermal stress cracking of tantalum ca rb ide  or hafnium car-  
bide boules t h a t  cooled too  quickly.  However, a s  experimental d a t a  be- 
came a v a i l a b l e ,  i t  became apparent  t h a t  tantalum carbide  and hafnium 
carbide  boules t h a t  were grown without  t h e  use  of t h e  r a d i a t i o n  hea te r  
d i d  not  c rack  dur ing  cooling.  Consequently, t h e  r a d i a t i o n  hea te r  was 
not used f o r  m o s t  of t h e  c r y s t a l  growing experiments. 
This was done t o  prevent t h e  pos- 
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The main chamber of t h e  c r y s t a l  grower, shown i n  Fig.  11, c o n s i s t s  
of (1) a bottom f lange ,  (2)  a lower c y l i n d r i c a l  s e c t i o n  surrounding t h e  
r a d i a t i o n  h e a t e r  and connected with a l o w  impedence vacuum p o r t ,  (3) an 
upper chamber housing t h e  three hor izon ta l  e l ec t rodes  and three windows, 
and (4)  a top  f lange .  
powder and atmospheric gases .  
and Vee-band couplers  f o r  r ap id  dismantl ing a s s i s t s  c leaning and loading.  
The t o p  f l ange  provides f o r  i n j e c t i o n  of feed 
A modular assembly using O-ring s e a l s  
Quar tz  windows, located  on the  same l e v e l  a s  the  hor izon ta l  elec- 
t rodes ,  permit observat ion  of the a r c  d ischarge  t o  the molten cap of 
t h e  boule a t  each e lec t rode .  These windows a r e  sea led  with O-rings and 
each is  o r i en ted  90° from a hor i zon ta l  e l ec t rode .  This arrangement 
permits  the  best p r a c t i c a l  view of each e lec t rode  and permits  t h e  opera- 
t o r  t o  make the  many small  adjustments of electrodes requi red  f o r  suc- 
c e s s f u l  growth of c r y s t a l s .  Opt ica l  f i l t e r s  a r e  located  o u t s i d e  t h e  
q u a r t z  windows f o r  eye  p ro tec t ion .  
To a i d  the  opera to r  i n  more p r e c i s e l y  c o n t r o l l i n g  t h e  e l e v a t i o n  of 
t h e  boule wi th  r e spec t  t o  t h e  hor i zon ta l  p lane  of t h e  e l ec t rodes ,  a con- 
vex o b j e c t i v e  l e n s  was mounted a t  one window to  p r o j e c t  an enlarged 
image of the  boule on a screen on which an orthogonal coordinate  g r i d  
was superimposed. With t h e  o p t i c a l  f i l t e r  removed, t h i s  image was very 
in tense ,  and dimming t h e  room l i g h t s  was not requi red .  The t o p  of each 
boule could be he ld  wi th in  0 .2  mm of a predetermined optimum v e r t i c a l  
p o s i t  ion .  
The p a r t i c l e  feeder  d ischarges  i n t o  a c a r r i e r  gas stream t h a t  con- 
veys t h e  carbide  p a r t i c l e s  through a v e r t i c a l  i n j e c t i o n  tube  t o  t h e  
molten cap. A double-walled, water-cooled, s t a i n l e s s  steel tube  wi th  
an i n n e r  diameter  of 0.020 inch was used. The i n j e c t i o n  tube  e n t e r s  
t h e  furnace  through a s e a l i n g  gland i n  t h e  center of t h e  upper f lange.  
An x-y hor izon ta l  pos i t ion ing  p l a t e n  located  above t h e  furnace and be- 
l o w  t h e  powder f eeder  was used f o r  t h e  c r i t i c a l  alignment of t h e  injec- 
t i o n  tube  wi th  t h e  boule. 
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FIG. 11 ARC MELTING FURNACE FOR VERNEUIL CRYSTAL GROWTH 
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P a r t i c l e s  a r e  not  melted or heated s i g n i f i c a n t l y  before  contac t ing  
t h e  boule. This represen t s  a s i g n i f i c a n t  d i f f e r e n c e  from condi t ions  i n  
a conventional flame- fusion Verneuil process. 
The i n j e c t i o n  tube  stand-off d i s t a n c e  f r o m  the  molten cap, the 
p a r t i c l e  s i z e  of carbide  p a r t i c l e  feed powder, and t h e  c a r r i e r  gas  
ve loc i ty  a r e  parameters t h a t  must be adjus ted  t o  prevent s t rong  con- 
vect ion  c u r r e n t s  i n  the  a r c  region from s c a t t e r i n g  t h e  carbide  p a r t i c l e s  
before they reach t h e  molten cap. High c a r r i e r  gas i n j e c t i o n  v e l o c i t i e s  
and r e l a t i v e l y  coarse  p a r t i c l e s  were requi red  because of the  very in-  
tense  turbulence  i n  t h e  a r c  region.  A number of tantalum carbide  par- 
t i c l e  sizes were t r ied  and a f a i r l y  coarse  p a r t i c l e  s i z e  f r a c t i o n ,  
-200 + 270 mesh, was found t o  be optimum. R e s t r i c t i n g  the  i n s i d e  d ia-  
meter of t h e  i n j e c t i o n  tube  a l s o  reduces the  amount of p a r t i c l e  d i s -  
pers ion  and inc reases  t h e  percentage of t h e  powder feed t h a t  reaches 
t h e  boule. The o r i g i n a l  0.040-inch I D  i n j e c t i o n  tube  was too  l a r g e .  
P a r t i c l e s  wi th in  the i n j e c t i o n  t ube  a r e  acce le ra ted ,  by t h e  c a r r i e r  gas,  
t o  v e l o c i t i e s  much g r e a t e r  than t h e i r  te rminal  s e t t l i n g  v e l o c i t i e s .  
The powder f eeder ,  loca ted  above t h e  c r y s t a l  growth furnace ,  is  
sea led  t o  prevent gas l e a k s  during evacuation of the  furnace chamber. 
A v a r i e t y  of f eeders  have been t e s t e d ,  b u t  none have been completely 
s a t i s f a c t o r y  f o r  c o n t r o l l i n g  the  flow of these powders. The resul ts  of 
feeder  tests a r e  summarized i n  Table 111. A Metco feeder* and a cap i l-  
l a r y  tube  c e n t r i f u g a l  device,  designed a t  the  I n s t i t u t e ,  gave s a t i s f a c-  
t o r y  performance. The feeder  problems a r e  d i f f i c u l t  because of t h e  
high s p e c i f i c  g r a v i t y ,  coarse  p a r t i c l e  size, and f r e e  flowing charac- 
teristics of t h e  powder. Very slow feed r a t e s  a r e  necessary f o r  c r y s t a l  
growing. The des i red  p r o p e r t i e s  of t he  feeder  a r e  a continuously va r i ab le  
feed r a t e  from a small value down t o  zero  and a reproducible  r e l a t i o n s h i p  
between t h e  c o n t r o l l e r  s e t t i n g  and t h e  feed r a t e .  Powder feed r a t e s  
were lowered by us ing  a s h o r t  c y c l e  t i m e r  wi th  an a d j u s t a b l e  on and o f f  
period dur ing  each cyc le  t o  con t ro l  t h e  feeder .  I n t e r m i t t e n t  opera t ion  
d id  not  adversely a f f e c t  c r y s t a l  growth so long a s  t h e  cycle  d i d  not  
exceed one minute. 
* Metco I n c , ,  Westbury, New York 
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A matching s i n g l e  phase power supply was b u i l t  f o r  t h e  c r y s t a l  
grower. A step-down transformer was followed by t h r e e  s a t u r a b l e  core 
r e a c t o r s ,  one f o r  each hor izon ta l  e l ec t rode .  The maximum output  of t h e  
power supply i s  35 v o l t s ;  however, opera t ing  vol tage  is  normally de ter-  
mined by the  a r c  impedance. Each s a t u r a b l e  r e a c t o r  has a continuous 
duty l i m i t a t i o n  of 250 amp. Current output  i s  ad jus tab le  f r o m  approxi- 
mately 50% t o  100% of maximum output .  
Gas m i x t u r e s  added t o  t h e  furnace a r e  con t ro l l ed  w i t h  f l o w  meters. 
During a c r y s t a l  growth experiment, cons tant  i n j e c t i o n  of c a r r i e r  gas 
and flow from t h e  furnace  chamber is  required .  A diagram of t h e  power 
c i r c u i t  and gas f l o w  c i r c u i t  is  given i n  Fig.  12. One of t h e  f l o w  meters 
provides f o r  d i r e c t  argon i n l e t  i n t o  t h e  chamber. The o the r  two flow 
meters provide f o r  metering and mixing hydrogen and argon used a s  t h e  
c a r r i e r  gas  stream i n  t h e  powder i n j e c t i o n  tube. The gas o u t l e t  t r a i n  
provides f o r  high vacuum pumping w i t h  a f i l t e r  t o  t r a p  p a r t i c u l a t e  
mat ter  and a vacuum pump bypass f o r  purging a t  1 atm. Pumping through 
t h e  f i l t e r  i s  usual ly  employed u n t i l  t h e  furnace chamber i s  evacuated 
t o  a few to r r ,  a t  which point  t h e  f i l t e r  i s  bypassed t o  decrease  pump 
impedance and thoroughly evacuate the  chamber. 
D. Operating Procedures 
Early i n  t h e  program, growth of tantalum carbide  and hafnium car-  
bide  s i n g l e  c r y s t a l s  was i n i t i a t e d  on hot pressed carbide  seeds and on 
s i n g l e  c r y s t a l  seeds.  However, thermal s t r e s s e s  associa ted  w i t h  s t a r t -  
ing  t h e  a r c  o f t e n  f r ac tu red  seeds and prevented com2letion of runs.  
The most success fu l  technique uses a s  a seed a shor t  tantalum rod,  
The rod i s  placed approximately 1/23 inch long by 1/8 inch i n  diameter.  
i n  a hole  recessed i n  t h e  g r a p h i t e  pedes ta l .  When t h e  a r c  i s  i n i t i a t e d ,  
t h e  tantalum m e l t s  back t o  t h e  g r a p h i t e  pedes ta l ,  forming a l i q u i d  pool.  
A s  ca rb ide  powders a r e  dropped onto t h e  s u r f a c e  of t h e  pool and a r e  
slowly cooled, a s t r o n g  weld r e s u l t s .  Boules s t a r t e d  i n  t h i s  manner 
i n i t i a t e  a s  p o l y c r y s t a l l i n e  rods and depend on t h e  dominance of a well- 
o r i en ted  c r y s t a l l i t e  t o  occupy t h e  major por t ion  of t h e  growing boule 
and eventual ly  exclude a l l  o t h e r  c r y s t a l s .  
carbide  boule grown i n  t h i s  manner i s  shown i n  Fig.  13. 
An example of a tantalum 
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FIG. 12 POWER AND GAS CONNECTIONS FOR ARC-VERNEUIL FURNACE 
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FIG. 13 SHORT TANTALUM CARBIDE BOULE (TaCOs9) GROWN 
IN THE ARC-VERNEUIL FURNACE 
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A crystal growth run is initiated by evacuating and refilling the 
furnace chamber with an inert or  protective gas mixture. For tantalum 
carbide, the optimum 
total pressure of 0.5 to 1 atm. For hafnium carbide, the optimum en- 
vironment is 100s argon at 1 atm. 
environment is a 5$ to 10% hydrogen in argon at a 
The arcs are started and adjusted, with all the electrodes rotating, 
before the particle feeder is started. A molten cap is established, and 
as the boule grows it is slowly lowered into the annealing chamber. Ele- 
vation of the molten cap must be carefully controlled. Too high an 
elevation leads to a pinch-off effect in which a thin neck of solid 
carbide grows up from the center of the boule. Ideally, the top of 
the liquid meniscus of the melt is maintained at o r  below the center 
line of the horizontal electrodes. A full hemisphere of molten carbide 
is maintained to prevent crystal nucleation at the side of the boule. 
It is very important that the electrodes and boule holder be mani- 
pulated to prevent eccentricity of the boule with respect to the rota- 
tion axis. Power inputs from each of the three electrodes must be kept 
reasonably equal by carefully controlling and monitoring the electrode 
gap. The horizontal carbon electrodes should be blunted and maintained 
within 1/16 inch of the boule. 
The effect o f  the speed of rotation of boules during crystal growth 
was systematically studied. Some rotation is required to distribute 
heat evenly and to compensate for any eccentricity in the deposition of 
particles on the boule. At excessive rotation speeds, a centrifugal 
oscillation or  apparent whipping of the boule causes it to become ec- 
centric with respect to the axis of rotation. The best rotation speed 
for 1/4-inch-diameter boules is 10 to 16 rpm. 
For best results, all -325 mesh and +200 mesh particles must be 
removed from the feedstock by screening. To obtain good single crystal 
sections, relatively long boules, usually greater than 2 inches, are 
required and they should be grown at much faster rates (5  to 10 cm/hr) 
than are typical for conventional Verneuil crystal growth. 
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Boule growth is terminated at 3 inches unless operating difficul- 
ties have necessitated earlier termination. Power is turned off immedi- 
ately and the boule is cooled rapidly to prevent further decarburization 
of tantalum carbide. The cap of each boule, which is polycrystalline 
because of rapid solidification, is removed. The remaining upper one 
inch of the boule normally provides the larger grains or single crystal 
sections, suitable for cutting single crystal specimens. 
E. Summary of Results 
Boules of tantalum monocarbide, hafnium monocarbide, and mixed 
solid solutions were grown in the arc-Verneuil apparatus. Elimination 
of grain boundaries was the major difficulty encountered for each car- 
bide. This problem is discussed in greater detail in Section 111-F. 
Analyses of starting materials and crystals are given in Section VI. 
1. Tantalum Carbide 
Using 5-lo$ hydrogen in the carrier gas yielded single phase tanta- 
lum monocarbide boules with bulk carbon contents between 43 and 46 at.$. 
Attempts to raise the carbon content further by using other additions 
to the gaseous environment or the starting powder were unsuccessful. 
These boules had a recarburized zone near the surface less than 
0.001 inch thick which forms on the solid boule as it cools through an 
intermediate temperature zone where recarburization in the presence of 
the highly carburizing environment is thermodynamically favored. This 
high-carbon surface layer, which is usually yellow (>46 at .$ carbon), 
overlays a 0.001- to 0.005-inch zone of very low carbon content, usually 
containing Ta C. This inner layer is formed by carbon depletion from 
the solid at a temperature near the melting point. Thus, the variation 
in carbon concentration near the surface of tantalum carbide boules re- 
sults from solid state diffusion of carbon and is a natural consequence 
of the time-temperature history of the boule during cooling. When 
hydrogen is used to prevent excessive decarburization of the bulk tanta- 
2 
lum carbide, these surface zones are of superficial thickness and make 
a negligible contribution to the average carbon content of the boule. When 
boules are sectioned by diamond sawing, this surface material is removed. 
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About lo$ of the tantalum carbide boules were sufficiently free of 
secondary grains to yield single crystal bars longer than 0.4 inch after 
cutting. A few single crystal bars one inch in length were obtained. 
2. Hafnium Carbide 
As the vaporization data in the literature suggested, no difficulty 
was encountered in maintaining a high carbon composition in growing 
hafnium carbide boules. However, the higher total vaporization pressures 
and rates resulted in slightly smaller diameter hafnium carbide boules 
than tantalum carbide boules. More importantly, the first hafnium car- 
bide boules grown were extremely porous. This resulted from operating 
at chamber pressures too low to prevent bubbles from forming within the 
molten cap. Dense hafnium carbide boules could not be grown at pres- 
sures below 1 atm. 
The variation in grain size was similar to that observed in tanta- 
lum carbide, with a poorer distribution of large grains. Obtaining 
high purity starting powders in the desired particle size range was ex- 
tremely difficult, and the poor powder quality is believed to account 
for many of the nucleation problems encountered. 
3 .  Mixed Solid Solution Carbides 
Homogeneous single phase boules were grown from homogeneous solid 
solution carbides that were formed by carburizing particles of a solid 
solution Hf-Ta alloy. Starting powders of two compositions were em- 
ployed: 
general behavior of these carbides during crystal growth was similar 
to that of tantalum carbide. Although some carbon was lost, as Fig. 7 
shows, carbon vaporization was not a serious problem. 
80 at.% TaC/20 at.$ HfC and 60 at.$ TaC/40 at.$ HfC. The 
All the boules were polycrystalline with grains too small to per- 
mit cutting single crystal sections larger than 1 mm. Attempts to grow 
mixed solid solution boules by feeding discreet tantalum carbide par- 
ticles physically mixed with discreet hafnium carbide particles resulted 
in multiple diffraction peaks and spreading of the diffraction peaks. 
c 
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These resul t s  i n d i c a t e  t h a t  the  boules were nonhomogeneous and t h a t  
homogeneous solid s o l u t i o n  carbide  c r y s t a l s  could only be grown by 
s t a r t i n g  wi th  feed p a r t i c l e s  t h a t  a r e  a l s o  homogeneous. 
F. Grain Boundaries and Subgrain Boundaries i n  Arc-Verneuil Boules  
1. Grain Boundaries 
A s  has been mentioned above , inab i l i ty  t o  e l imina te  g r a i n  boundaries 
was t h e  major obs tac le  t o  growth of s a t i s f a c t o r y  s i n g l e  c r y s t a l s .  
l a r g e s t  boundary-free s e c t i o n s  were obtained w i t h  tantalum carbide .  
t h e  average,  t h e  mixed carbides  have been s l i g h t l y  f iner- gra ined than 
tantalum carbide  o r  hafnium carbide .  However, there a r e  cons iderable  
d i f f e rences  between s e v e r a l  boules  of t h e  same mate r i a l .  Grains tend 
t o  be columner w i t h  the growth d i r e c t i o n .  The smal ler  g ra ins  a r e  e l i m i -  
nated dur ing  formation of t h e  boule by a gradual expansion i n  c ross  sec- 
t i o n  of t h e  dominant g r a i n s ,  i n  t h e  c l a s s i c a l  manner f o r  flame fus ion  
c r y s t a l  growth. However, new g r a i n s  a r e  occas ional ly  nucleated a t  or 
near t h e  s u r f a c e  and i n t e r n a l l y .  I n  cross s e c t i o n ,  t h e  su r face  g r a i n s  
appear a s  i s o l a t e d  semic i rc le s ,  and t h e  i n t e r n a l l y  nucleated g r a i n s  ap- 
pear a s  a broad roo t  spreading out  from t h e  nuc lea t ion  point  a s  the  
g ra in  grows upward. The i n i t i a l  t i p  of an i n t e r n a l  g r a i n  nucleated i n  
a hafnium carbide  boule i s  shown i n  Fig.  14.  This new g r a i n  grew t o  be 
about 1/8 inch  ac ross .  
The 
On 
There i s  no obvious r e l a t i o n s h i p  between impuri ty content  and g r a i n  
s i z e  of boules.  Large g r a i n s  were obtained w i t h  hafnium carbide ,  one 
of t h e  l e a s t  pure s t a r t i n g  powders. 
from c o l l e c t e d  excess hafnium carbide  powder put  through t h e  c r y s t a l  
growing furnace  a second t i m e  w i t h o u t  being cleaned a f t e r  t h e  f i r s t  run. 
N o  evidence of impuri ty segregat ion  a t  g r a i n  boundaries or g r a i n  boun- 
dary nodes could be de tec ted  by e l e c t r o n  beam microprobe a n a l y s i s .  
Good boules have been obtained 
34 
FIG. 14 NUCLEATION REGION FOR GROWTH OF NEW 
GRAIN IN HAFNIUM CARBIDE (1OOX) 
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Fur ther  s t u d i e s  aimed a t  i d e n t i f y i n g  t h e  source of nuc lea t ion  i n  
new g r a i n s  included an i n v e s t i g a t i o n  of p a r t i c l e  i n t r u s i o n  i n t o  the  
l i q u i d  cap. S tud ies  of boule c r o s s  s e c t i o n s  were made t o  secure in fo r-  
mation on t h e  conf igura t ion  of the  l i q u i d  cap and any evidence of incom- 
p l e t e  melt ing of carbide  p a r t i c l e s .  When t h e  a r c  d ischarge  is terminated 
during c r y s t a l  growth, t h e  molten cap quickly s o l i d i f i e s .  A f ine- grained 
s t r u c t u r e  results t h a t  c o n t r a s t s  sharply  w i t h  the  coarse-grained or s i n g l e  
c r y s t a l  boule below t h e  molten cap. The change i n  g r a i n  s i z e  i n d i c a t e s  
t h e  l o c a t i o n  of t h e  l i q u i d / s o l i d  i n t e r f a c e  when the  a r c  i s  quenched. 
t h i s  b a s i s ,  molten caps on 1/4-inch-diameter boules a r e  judged t o  be 1 
t o  2 mm deep. A photograph of a t y p i c a l  quenched cap is  shown i n  Fig. 15. 
On 
There has been no metal lographic evidence of carbide  p a r t i c l e s  
being trapped i n  t h e  boule  without melt ing.  Nevertheless,  nuclea t ion  
of new g r a i n s  may be caused by carbide  p a r t i c l e s  s e t t l i n g  t o  t h e  l iqu id /  
s o l i d  i n t e r f a c e  before  melt ing or d i s so lv ing  i n  the  l i q u i d  carbide  cap. 
These p a r t i c l e s  could a c t  a s  nuc le i  f o r  growth of new gra ins  and would 
not appear i n  t h e i r  o r i g i n a l  s i z e  when the  boule is  cross- sect ioned.  
T h i s  problem may be increased when a carbon-deficient  molten tantalum 
carbide  cap i s  present  w i t h  a lower l i q u i d u s  temperature than the  m e l t -  
ing point  of the s to ich iomet r i c  carbide  p a r t i c l e ,  A s e r i e s  of growth 
experiments using d i f f e r e n t  p a r t i c l e  s i z e s ,  but  i n  a l l  o the r  r e spec t s  
i d e n t i c a l ,  was conducted t o  determine i f  there was a r e l a t i o n s h i p  be- 
tween p a r t i c l e  s i z e  employed i n  Verneuil growth and subsequent g r a i n  
s i z e  of t he  boule t h a t  could be r e l a t e d  t o  nuclea t ion  of new g r a i n s  by 
unmelted p a r t i c l e s .  P a r t i c l e  s i z e s  of -200 +270 mesh, -270 + 325 mesh, 
and -325 mesh were used. The tests w i t h  both hafnium carbide  and t an ta-  
lum ca rb ide  show no sys temat ic  v a r i a t i o n  i n  g r a i n  s i z e  w i t h  p a r t i c l e  
s i z e  i n  the  feeder .  
P a r t i c l e  v e l o c i t i e s  on impact w i t h  t he  molten cap were est imated 
from the  v e l o c i t y  and Reynolds number of the  gas flowing w i t h i n  the in-  
j e c t i o n  tube.  P a r t i c l e  pene t ra t ion  d i s t a n c e s  i n t o  the  molten cap before 
a reduction i n  p a r t i c l e  v e l o c i t y  t o  i n s i g n i f i c a n t  l e v e l s  were a l s o  e s t i -  
mated us ing  a computer program. The r e s u l t s  i n d i c a t e  t h a t  p a r t i c l e s  i n  
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FIG. 15 CROSS SECTION OF TANTALUM CARBIDE 
BOULE INDICATING REGION OF MOLTEN 
CAP (12.5X) 
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the size range used in our crystal growth experiments are not likely to 
penetrate through the molten cap and nucleate a new grain before melting. 
2. Subgrain Boundaries 
Subgrain boundaries usually appear after polishing and etching 
tantalum carbide and hafnium carbide crystals. An example of heavy 
intrusions of subgrain boundaries in tantalum carbide is shown in Fig. 
16. In this photograph, primary grain boundaries outlining seven grains 
can also be seen. Although there is no sure way to distinguish grain 
boundaries from subgrain boundaries except by X-ray diffraction proce- 
dures,which were used extensively, the primary grain boundaries do 
appear in the diamond cut surface before polishing, whereas subgrain 
boundaries are only revealed by polishing and suitable etching. 
Individual dislocation etch pits can be seen within tantalum car- 
bide subgrain boundaries at higher magnification in Fig. 17. This 
photograph shows a primary grain boundary traversing from the upper 
left to the lower right quadrant, with several subgrain boundaries 
intersecting it. 
Etched surfaces of tantalum carbide were replicated to secure 
electron micrographs of dislocation etch pits in subgrain boundaries 
of tantalum carbide at still higher magnifications. The electron micro- 
graph in Fig. 18 shows a typical array of dislocation etch pits in the 
subgrain boundary intersecting a (100) face. 
linear dislocation density is approximately 3 x 10 dislocations per 
centimeter, corresponding with a tilt boundary of about Oo 12'. 
In this instance, the 
4 
In hafnium carbide, subgrain boundaries often appear to end abruptly 
within the boule. In other instances the depth of etching often changes 
abruptly along the subgrain boundary. Examples of subgrain boundaries 
in hafnium carbide single crystal sections are shown in Fig. 19. 
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FIG. 16 ETCHED TaC,., WITH GRAIN BOUNDARIES 
AND SUBGRAIN BOUNDARIES (50x1 
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FIG. 17 ETCHED TaC,., WITH GRAIN BOUNDARY 
AND SUBGRAIN BOUNDARIES ( lOOOX) 
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FIG. 18 DISLOCATION ETCH PITS IN 
SU BGRAlN BOUNDARY 
41 
FIG. 19 SUBGRAIN BOUNDARIES IN SINGLE 
CRYSTAL OF HAFNIUM CARBIDE (1SOOX) 
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G .  A r c  S t a b i l i t y  and Gas Composition i n  Melting Tantalum Carbide 
The problems encountered i n  maintaining s t a b l e  c r y s t a l  growth con- 
d i t i o n s  i n  the  a r c  increased  w i t h  increas ing  add i t i ons  of hydrogen t o  
the  furnace environment. A t  h igh hydrogen conten ts ,  nea r ly  a l l  runs  
were terminated by extinguishment of t h e  a r c  or by f a i l u r e  t o  maintain 
proper melt ing condi t ions .  Since an i nc rease  i n  t h e  carbon content  of 
tantalum carb ide  boules  was desired,  a t tempts  t o  s t a b i l i z e  the  a r c  i n  
higher  hydrogen mixtures  and t o  secure o the r  more e f f e c t i v e  gaseous 
environments were made. These e f f o r t s  included experiments w i t h  a high 
frequency, high vol tage  a r c- s t a b i l i z i n g  c i r c u i t ,  add i t i ons  of NaCl t o  
the  powder feed s tock  i n  order  t o  improve t h e  a r c  conduct iv i ty ,  sub- 
s t i t u t i o n  of f reon  (F CC1 ) f o r  hydrogen, and add i t i ons  of excess graph- 
i t e  powder t o  t h e  feed stock. 
2 2  
1. A r c  S t a b i l i z i n g  C i r c u i t  
I n  p r i n c i p l e ,  a high frequency a r c- s t a b i l i z i n g  c i r c u i t  can be 
superimposed on the low frequency power supply c i r c u i t  of t h e  c r y s t a l  
growing furnace without a f f e c t i n g  the  low frequency c i r c u i t  func t ion .  
A high frequency power supply a t  high vol tage can ensure t h a t  the  a r c  
w i l l  not  ex t inguish  under marginal opera t ion  condi t ions .  A compara- 
t i v e l y  l a r g e  high frequency and high vol tage  genera tor  i s  requi red  t o  
overcome the p a r a s i t i c  capaci tance of t h e  e l ec t rode  holder  (160 pico-  
f a r a d s ) .  
was adapted f o r  use a t  a frequency of 2 megaHertz t o  s t a b i l i z e  one of 
t h e  three ho r i zon ta l  e l ec t rodes  of  the  c r y s t a l  growing furnace.  The 
c i r c u i t  diagram is  shown i n  Fig.  20. With t h i s  power supply,  t h e  high 
frequency vol tage  drop ac ros s  t h e  a r c  was approximately 200 v o l t s .  This 
was no t  a s i g n i f i c a n t  improvement over t h e  30-volt p o t e n t i a l  imposed by 
t h e  low frequency main a r c  power supply and was only of marginal value 
i n  s t a b i l i z i n g  the  a r c  plasma. Af te r  i n s t a l l a t i o n ,  the  BC-610 E genera- 
t o r  was used f o r  t h e  growth of s eve ra l  tantalum carb ide  boules .  Even- 
t u a l l y  i t s  use was discont inued because of i t s  marginal effect on c r y s t a l  
growth. 
A BC-610 E r a d i o  t r a n s m i t t e r  capable of opera t ing  a t  350 wa t t s  
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FIG. 20 CIRCUIT FOR SUPERIMPOSING A HIGH FREQUENCY STABILIZING SIGNAL 
ON THE ELECTRODE 
2. NaCl Additions 
Two crystal growth experiments were conducted in which a mixture 
of 50 wt $ hafnium carbide and 50 wt $ 
fed onto a growing boule. The purpose of these experiments was to de- 
termine what effect chlorine has on the vapor transfer of hafnium away 
from the boule and to determine if seeding the arc plasma with a source 
of sodium vapor, which is easily ionized, has any effect on the stability 
of the arc. Sodium chloride did not affect the stoichiometry of the 
hafnium carbide boules resulting from these experiments. Because of 
the small plasma volume of the arc region and the discrete injection of 
NaCl particles, it was not possible to maintain a continuous presence 
of sodium vapor in the arc. Consequently the use of sodium chloride had 
no lasting effect on stabilizing the arc and further use was discontinued. 
sodium chloride powders were 
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3 .  Freon (F  CC1 ) Environment 2 2  
Five tantalum carb ide  c r y s t a l  growth experiments were conducted i n  
gaseous f reon  (F CC1 ) and freon-argon gas  mixtures t o  i n v e s t i g a t e  t h e  
f e a s i b i l i t y  of using f reon  to  r ep l en i sh  carbon vaporized f r o m  the  boule 
without in t roducing  H and H r a d i c a l s  i n t o  t h e  plasma. These experi-  
ments showed t h a t  f r eon  cannot be used to  s u s t a i n  an arc-plasma and t h a t  
f reon  quenches argon plasmas a s  r e a d i l y  a s  hydrogen does. A r c  s t a b i l i t y  
2 2  
2 
could not be maintained unless  the  f reon  content  of the  gas  was less 
than 5%. 
can t ly  a f f e c t e d  by t h i s  amount of f reon  when compared w i t h  10% hydrogen 
i n  argon. L a t t i c e  parameter measurements i n d i c a t e  t h a t  t h e  carbon con- 
t e n t  of boules grown w i t h  5% f reon i s  about 43 a t .%.  
Carbon content  of tantalum carb ide  boules  was not  s i g n i f i -  
4.  Graphite Powder Additions 
Boules were a l s o  grown using a p a r t i c l e  feed m i x t u r e  of tantalum 
carb ide  and g raph i t e  powders i n  an attempt t o  improve t h e  carbon r a t i o  
of  the  r e s u l t i n g  c r y s t a l s .  Crushed g raph i t e ,  -270 +325 mesh, was mixed 
w i t h  tantalum carb ide  powder. N o  improvement i n  t h e  carbon content  of 
t h e  boules r e s u l t e d  from these tests. Because of the  low dens i ty  and 
slow s e t t l i n g  r a t e  of the  g raph i t e  p a r t i c l e s ,  very f e w  of them may have 
come i n  contac t  w i t h  the  boule.  Flow meters were changed t o  permit 
more r ap id  flow of gas  through t h e  i n j e c t i o n  tube  ca r ry ing  feed par- 
t ic les  t o  t h e  boule,  but t h i s  d id  not  a f f e c t  the  carbon conten t .  S ince  
no improvement i n  the  carbon s toichiometry was obtained i n  these ex- 
periments ,  c r y s t a l  growth s t u d i e s  employing Mixtures of g raph i t e  and 
tantalum carbide were discont inued.  
H.  Related Experiments 
A number of a d d i t i o n a l  experiments were made i n  which opera t ing  
procedures were var ied  considerably i n  a t tempts  t o  either reduce t h e  
number of g r a i n  boundaries obtained or i nc rease  the  carbon content  of 
tantalum ca rb ide  boules .  
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Graphite  heat  sh ie ld ing .  I n  an attempt t o  r e t a r d  p re fe r red  vapori- 
za t ion  of carbon from tantalum carbide ,  t h e  su r face  area  of hot  carbon 
surrounding t h e  boule was increased.  This was done by using l a r g e r  
e l ec t rodes  and us ing  a p y r o l y t i c  g r a p h i t e  heat  s h i e l d .  The hor izon ta l  
e l e c t r o d e  diameter was varied between 114 inch and 112 inch. 
f l u c t u a t i o n s  caused f requent  overloads and c i r c u i t  i n t e r r u p t i o n s  when 
t h e  112 inch  e lec t rodes  were used. 
were s l i g h t l y  l a r g e r  i n  diameter ,  b u t  no improvement i n  t h e i r  carbon 
stoichiometry was obtained.  
Power 
Boules made w i t h  112 inch e l e c t r o d e s  
Experiments were made w i t h  a p y r o l y t i c  g r a p h i t e  heat  s h i e l d  t h a t  
cons is ted  of a 2-inch diameter ,  thin-walled dome surrounding t h e  boule  
a s  shown i n  Fig.  21. Each of three windows c u t  i n  t h e  side w a l l s  of 
t h e  heat  s h i e l d  allowed ent rance  of one e lec t rode  and provided a view 
of one of the  a l t e r n a t e  e l ec t rodes .  Observation of e l ec t rodes  was re- 
quired t o  con t ro l  t h e i r  s tand-off  d i s t a n c e .  The heat  s h i e l d  r e s t e d  on 
an i n s u l a t i n g  boron n i t r i d e  platform t h a t  was a t tached t o  t h e  seed 
holder .  When t h e  seed was r o t a t e d ,  t h e  heat  s h i e l d  a l s o  r o t a t e d  u n t i l  
t h e  hor i zon ta l  e l ec t rodes  came i n  contac t  w i t h  t h e  s i d e s  of t h e  windows, 
which prevented f u r t h e r  r o t a t i o n .  This sequence a l igned t h e  heat  s h i e l d  
window w i t h  r e spec t  t o  t h e  ou te r  observat ion p o r t s  of t h e  furnace.  A 
few s h o r t  boules were grown using t h i s  heat  s h i e l d ,  bu t  t h e y  d i d  not 
have carbon con ten t s  above 46 a t .$ .  
su r face  of the  heat  s h i e l d  had a b r igh tness  temperature of 23OO0C whi le  
t h e  o u t s i d e  s u r f a c e  b r igh tness  temperature was 1650'C. 
t u r e s  were probably i n s u f f i c i e n t  t o  have a s i g n i f i c a n t  e f f e c t  on t h e  
c r y s t a l  growth process. 
During c r y s t a l  growth, t h e  i n s i d e  
These tempera- 
So l id  s t a t e  d i f f u s i o n  of carbon i n  Tantalum Carbide. Some experi-  
mental s t u d i e s  were undertaken t o  inc rease  t h e  carbon content  by a 
post-growth t rea tment .  Boules grown e a r l i e r  i n  t h i s  i n v e s t i g a t i o n  t h a t  
had been c r o s s  sec t ioned l o n g i t u d i n a l l y  and showed evidence of Ta C 
p r e c i p i t a t i o n  were c r o s s  sec t ioned i n  t h e  t r a n s v e r s e  d i r e c t i o n  t o  pro- 
vide wafers approximately 1/16-inch t h i c k .  
g r a p h i t e  powder and subjec ted  t o  d i f f u s i o n  anneals  a t  20OO0C i n  argon 
2 
Wafers were surrounded with 
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and vacuum. Although the rate of diffusion of carbon in TaC at this 
temperature was expected to be very slow, the amount of carbon needed 
to compensate for the Ta C was also very small. 
24-hour test at 20OO0C showed that Ta2C had been removed from most of 
the polycrystalline TaC wafer. The diffusion experiments indicated 
that it would be possible to back diffuse carbon in carbon-deficient 
tantalum carbide. However, this step may generate additional imperfec- 
tions in the crystal. 
1-x 
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Float zone experiments. The arc-Verneuil furnace was temporarily 
modified to permit floating zone refining experiments using the horizon- 
tal electrodes for melting a zone of refractory carbide. A Materials 
Research Corporation zone refiner, in the vertical orientation, was 
mounted above the arc-Verneuil apparatus in place of the powder feeder 
normally used for Verneuil fusion experiments. An extension arm from 
the boat carriage of the zone refiner entered the top of the arc- 
Verneuil furnace through the seal normally used for the powder feed 
tube. Inside the furnace, a 0.125-inch-diameter tantalum rod was con- 
nected to the zone refiner extension arm by an appropriate chuck. This 
arrangement, used in conjunction with the existing arc-Verneuil appara- 
tus, permitted independent vertical motion at variable rates as well as 
independent rotation at variable rates for both the upper and lower 
sections of a zone refined "ingot." The upper section consisted of a 
tantalum carbide boule or hot-pressed billet attached to the tantalum 
rod. The lower section was a tantalum carbide boule or hot-pressed 
billet inserted in the graphite seed holder. In principle, melting 
could be initiated in the center of a sample supported at both ends, 
or the separated upper section could be brought in contact with the 
lower section after striking the arc. 
The results of six experiments are summarized in Table IV. In 
some cases, melting of tantalum carbide and attachment of the tantalum 
carbide rods were achieved. However, the arc tended to discharge to 
the lower (grounded) section with the result that attachment was hard 
to maintain and the operation was highly unstable. The resulting 
samples were small and very irregular. Also, a decrease in the number 
of grain boundaries was not obtained. Consequently, further experiments 
of this type were not attempted. 
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IV MELT GROWTH BY INDUCTION PLASMA HEATING 
A. Apparatus 
An induction-coupled plasma torch" has several advantages as a 
heat source for Verneuil growth of crystals. Very high temperatures 
are attained in the plasma; there are no electrodes or other components 
that must be heated to high temperatures; and a wide range of gas compo- 
sitions can be used. 
A sketch of the R-F plasma heated crystal grower constructed at 
Stanford Research Institute is shown in Fig. 22. The plasma tube shown 
in the upper part of the figure has a double wall construction to per- 
mit water cooling and is flared at the base to permit a gas-tight seal 
to the lower furnace chamber. This tube was initially constructed of 
Pyrex but subsequent operations caused thermal stress cracking of this 
tube at high power levels and quartz was substituted. In order to 
eliminate catastrophic stresses which can arise due to different expan- 
sion levels of the two wall during operation, the walls of the plasma 
containment tube were not joined at the top. 
Immediately below the plasma tube is a resistance heated carbon 
furnace operating well above the minimum temperature for plasticity in 
the refractory carbides. This furnace was employed to maintain the de- 
sired temperature distribution during growth as well as to permit crystals 
to cool slowly at the completion of a run. Two R-F power supplies were 
used. The principal one was a 20-kw tuned-grid, tuned-plate unit con- 
structed at Stanford Research Institute and tuned for maximum stability 
at 5.5 megaHertz. High-power experiments utilized a 50-kw Lepel genera- 
tor operating at 5.0 megaHertz. 
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B. Summary of Results 
Initial work using the induction-coupled plasma torch as a heat 
source for Verneuil growth was directed toward forming a stable molten 
cap on a crystal pedestal. 
through successive experiments, we were unable to melt hafnium carbide 
or tantalum carbide. Additions of hydrogen to the argon plasma, which 
were expected to increase the plasma temperature, were not sufficiently 
effective to permit melting of the carbides or tantalum metal, Optical 
absorption by the plasma, water, and the quartz containment tube pre- 
vented accurate optical pyrometric determinations of seed temperatures, 
but a disappearing filament pyrometer was used for comparative measure- 
ment s. 
Although the power level was increased 
With the carbide seed tip in the hottest part of the plasma, several 
variations in coil design and oscillator frequency were evaluated to 
determine whether melting could be obtained. By changing from a five- 
turn cylindrical coil approximately 3 inches in height to a flat coil, 
the plasma was shortened considerably but the seed temperature at the 
hottest point was not changed significantly. Variations in oscillator 
frequency from 4.8 to 5.6 megaHertz did not affect the temperature as 
long as the circuit was well tuned. 
With these factors optimized, the plasma enthalpy was again in- 
creased to see if melting could be obtained. At 21 kw,  using a pure 
argon plasma, incipient melting of a tantalum rod began (mp 2996OC). 
Tantalum carbide was unaffected at this power level even with hydrogen 
additions to 20% by volume. 
At the 21-kw power level, problems began to arise with the water- 
cooled quartz plasma containment tube. Although the tube permitted 
high velocity, vortex coolant flow, water began to boil on the inside 
surface of the inner tube. More importantly, if the plasma was slightly 
deflected to one side of the tube, either by a small misalignment of 
the sheath tube or by tilting the coil, a brown reaction layer formed 
on the quartz wall. Once this layer formed, heat absorption in the wall 
increased rapidly and the tube failed catastrophically within a few minutes. 
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During one run,  t h e  power l e v e l  was increased rap id ly  t o  determine 
a t  what power l e v e l  tantalum ca rb ide  could be melted. Melting was i n i -  
t i a t e d  a t  t h e  seed t i p  a t  36 kw and 20% hydrogen-80$ argon. 
had t o  be lowered almost immediately, however, so d a t a  on m e l t  s t a b i l i t y  
could not  be obtained.  This  behavior should be con t ras t ed  wi th  t h a t  of 
aluminum oxide (mp 2O5O0C), where a l a r g e  molten cap can be maintained 
using t h e  same plasma equipment a t  10 kw i n  pure argon and a t  3.5 kw 
with a 50p oxygen a d d i t i o n  t o  t h e  argon. 
inc rease  by a f a c t o r  of f i v e  i n  inc reas ing  t h e  melt ing point  from t h a t  
of aluminum oxide t o  tantalum carbide .  
The power 
However, r a d i a t i o n  losses 
W e  had previous ly  found t h a t  a vapor-deposited metal f i l m  appl ied  
t o  t he  quar t z  tube  ac ted  a s  a r e f l e c t o r  and a s s i s t e d  i n  reducing radia-  
t i o n  l o s s e s  and i n  r a i s i n g  t h e  e f f e c t i v e  plasma enthalpy a t  a given 
power l e v e l .  Consequently, t h e  plasma containment tube  was coated w i t h  
a t h i n  chromium l a y e r  by evaporat ion t o  see  i f  t h i s  s i g n i f i c a n t l y  a l t e r e d  
t h e  previous f ind ings .  This coa t ing  was not e f f e c t i v e  i n  melt ing t h e  
carbides  of i n t e r e s t  a t  power l e v e l s  t h a t  could be maintained over 
extended per iods .  
C. Conclusions 
A t  t he  i n i t i a t i o n  of t h i s  program, it appeared t h a t  t h e  induct ion  
coupled plasma t o r c h  was well- suited f o r  Verneuil growth of r e f r a c t o r y  
c r y s t a l s  because of its s i m i l a r i t y  i n  many r e s p e c t s  t o  t h e  flame fus ion  
method t h a t  has been w e l l  e s t ab l i shed  i n  commercial Verneuil c r y s t a l  
growth f o r  less r e f r a c t o r y  ma te r i a l s .  Indeed, these advantages continue 
t o  appear a t t r a c t i v e  f o r  many c r y s t a l s .  However, a s  a r e s u l t  of t h e  
d i f f i c u l t i e s  encountered i n  cons t ruc t ing  a p r a c t i c a l  plasma torch t h a t  
can opera te  r e l i a b l y  a t  very high energy l e v e l s ,  i t  does not  appear t h a t  
a c r y s t a l  growth f a c i l i t y  use fu l  f o r  t h e  most r e f r a c t o r y  ca rb ides  w i l l  
be forthcoming wi th  t h i s  method. Although induct ion  plasma temperatures 
can be extremely high,  t h e  plasma enthalpy determines t h e  amount of 
energy t r a n s f e r r e d  t o  t h e  seed and t h e  u l t ima te  seed temperature. Plasma 
e n t h a l p i e s  are l i m i t e d  by t h e  l o w  gas p ressu res  t h a t  can be a t t a i n e d  i n  
s t a b l e  induct ion  plasmas. 
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V SOLUTION GROWTH 
A .  Solvent R e s t r i c t i o n s  
Solut ion  growth techniques f o r  prepara t ion  of r y s t a l s  re- 
q u i r e  a so lvent  w i t h  t h e  fol lowing requirements: adequate s o l u b i l i t y  
of tantalum, hafnium, and carbon; v a r i a t i o n  of s o l u b i l i t y  with tempera- 
t u r e ;  s u f f i c i e n t l y  l o w  melt ing point ;  absence of side r e a c t i o n s  w i t h  
c ruc ib le  mater ia ls ;  l o w  vapor pressure;  absence of compound formation 
between the  solvent  and the c r y s t a l  components; and a favorable  segre-  
ga t ion  c o e f f i c i e n t  w i t h  t he  c r y s t a l ,  i .e . ,  absence of contamination of 
the  c r y s t a l  by the  so lven t .  
Small tantalum carbide  and hafnium carbide  c r y s t a l s  can be grown 
by p r e c i p i t a t i o n  i n  a l a r g e  number of l i q u i d  metals  or menstruums. How- 
ever,  because of the  high chemical s t a b i l i t y  of these carbides  the con- 
c e n t r a t i o n s  of tantalum, hafnium, and carbon dissolved i n  t h e  menstruum 
and i n  equi l ibr ium w i t h  the  carbides  is  very low, r ega rd less  of t h e  
s o l u b i l i t i e s  of t h e s e  elements when present  s e p a r a t e l y  i n  t h e  s o l u t i o n .  
Tantalum and carbon i n  excess of their  equi l ibr ium concent ra t ions  w i l l  
quickly r e a c t  to  form a d d i t i o n a l  tantalum ca rb ide .  If t h i s  process 
occurs too  rapidly ,  excess ive  nuclea t ion  and growth of many f i n e  c r y s t a l s ,  
r a t h e r  than a f e w  l a r g e  c r y s t a l s ,  w i l l  r e s u l t .  
From the  thermodynamic viewpoint, two genera l  approaches a r e  a v a i l -  
a b l e  for o f f s e t t i n g  the tendency toward excess nuc lea t ion  i n  the mens- 
truum. These a r e :  
t i o n s  of t h e  carbide  compound t o  t h e  menstruum ( r a t h e r  than the  r e a c t i v e  
elements) ,  p a r t i a l  d i s s o l u t i o n  of the carbide,  and regrowth of c r y s t a l s  
i n  a thermal gradient ;  and ( 2 )  i r r e v e r s i b l e  carbide  p r e c i p i t a t i o n  us ing  
metal s o l u t i o n s  w i t h  very low s o l u b i l i t i e s  for tantalum and/or carbon 
i n  order  t o  l i m i t  t h e  amount of super sa tu ra t ion  (concent ra t ion  i n  excess 
of equ i l ib r ium) .  
(1) equi l ibr ium or r e v e r s i b l e  growth based on addi-  
I n  the  l a t t e r  case,  excess tantalum and excess carbon 
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rb ide  
a r e  added d i r e c t l y  t o  the menstruum, but  p r e c i p i t a t i o n  of the carbide  
occurs very s l o w l y  because of t h e  very l o w  concent ra t ion  of one or both 
components . 
The t r a n s i t i o n  metals ,  have a high s o l u b i l i t y  f o r  both tantalum and 
carbon, and a r e  unsu i t ab le  f o r  i r r e v e r s i b l e  growth. However, they o f f e r  
t h e  b e s t  chance of a t t a n i n g  high enough concent ra t ions  of carbon and 
tantalum i n  equi l ibr ium w i t h  tantalum carbide  t o  permit adequate t r a n s-  
por t  r a t e s  f o r  c r y s t a l  growth us ing  the  equi l ibr ium or r e v e r s i b l e  method. 
Important thermodynamic and k i n e t i c  cons idera t ions  regarding so lu-  
t i o n  growth of tantalum carbide  a r e  discussed i n  Appendix B. The r e s u l t s  
of t h i s  a n a l y s i s  i n d i c a t e  t h a t  the  concent ra t ions  of components i n  the  
most f avorab le  metal s o l u t i o n s  for  equi l ibr ium growth, 3-d t r a n s i t i o n  
metals,  w i l l  not  be s u f f i c i e n t  t o  provide adequate mass t r a n s p o r t  r a t e s  
unless  both free tantalum and f r e e  carbon (usua l ly  i n  t h e  form of a gra-  
p h i t e  c r u c i b l e )  a r e  e l iminated  from the  system, and tantalum ca rb ide  i s  
the  only source of e i t h e r  component f o r  c r y s t a l  growth. With t h i s  favor-  
a b l e  set of circumstances, the es t imated  maximum c r y s t a l  growth r a t e  
under condi t ions  of f r e e  convective mixing of the menstruum i n  the  cru-  
c i b l e  i s  1 mm/day i f  a very high growth temperature (18OO0C) i s  maintained 
and there is  a temperature d i f f e r e n c e  between t h e  n u t r i e n t  and c r y s t a l  
of 100°C. 
i n  menstruums of t h e  3-d t r a n s i t i o n  metals  is  f e a s i b l e ,  al though margin- 
a l l y  so. The r e s u l t s  for hafnium carbide  a r e  s i m i l a r .  
Thus, i t  appears t h a t  equi l ibr ium growth of tantalum carbide  
Liquid metals  w i t h  l o w  s o l u b i l i t i e s  for both  carbon and tantalum 
(hafnium) were sought for i r r e v e r s i b l e  growth experiments. 
metals the  s o l u b i l i t i e s  were so low t h a t  c r y s t a l  growth was precluded 
( t i n ) .  
example of a so lven t  w i t h  low s o l u b i l i t i e s  f o r  carbon, permi t t ing  slow 
growth of reasonably l a r g e  c r y s t a l l i t e s .  
I n  some 
In  o the r  so lven t s  slow growth occurred. Aluminum was a good 
B. Experimental Methods 
Two Czochralski  c r y s t a l  growing furnaces  designed a t  Stanford Re-  
search  I n s t i t u t e  were used f o r  a l l  the  experiments. These furnaces,  one 
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of which is  shown i n  Fig. 23, employ a g raph i t e  resistor hea te r  element 
of 4 inches I D .  The heat ing  elements is surrounded by adequate r a d i a t i o n  
s h i e l d s  and i n s u l a t i o n .  The c r u c i b l e  is  lowered or r a i s e d  by a pedes ta l  
which t r a v e l s  through O-ring s e a l s  i n  the bottom of the  furnace .  Seed 
c r y s t a l s  can be lowered or r a i s e d  by an upper O-ring housing and t h e  seed 
c r y s t a l s  can be r o t a t e d .  Lowering-raising and r o t a t i o n  speeds a r e  v a r i -  
ab le  over s e v e r a l  orders  of magnitude, t y p i c a l  of a Czochralski c r y s t a l  
growing appara tus .  Contaminating gases were removed by evacuation w i t h  
an o i l  d i f f u s i o n  pump. The furnace was usua l ly  b a c k f i l l e d  w i t h  helium 
t o  r e t a r d  solvent  evaporat ion.  Temperature g rad ien t s  were c o n t r o l l e d  
by t h e  r e l a t i v e  e l eva t ion  of the  c r u c i b l e  wi th in  the hea te r  element. 
Temperature was automat ica l ly  monitored and con t ro l l ed  wi th in  0.loC 
using a Leeds and Northrup r a d i a t i o n  pyrometer focused on the bottom of 
t h e  c r u c i b l e .  The temperature a t  t h e  meniscus of the  melt (upper tem- 
pera tu re )  was manually monitored us ing  a d isappear ing  f i lament  o p t i c a l  
pyrometer. 
Three genera l  types of c r y s t a l  growth experiments were made: (1) 
growth on t h e  wal ls  or bottom of the  c ruc ib le  r e s u l t i n g  from e i t h e r  
e q u i l i b r i u m  growth using a temperature g rad ien t  or continuous introduc-  
t i o n  of tantalum or carbon t o  the  so lu t ion ;  (2)  growth on a seed c r y s t a l  
or probe i n s e r t e d  i n  the m e l t ;  and (3) t r a v e l i n g  solvent  experiments 
(TSM), i n  which a smal l  volume of so lvent  was used i n  an at tempt t o  t r a n s-  
f e r  tantalum carbide  ac ross  a l i q u i d  f i l m  of metal from one tantalum 
carbide  i n t e r f a c e  t o  another .  In  the  TSM experiments, a modified hea te r  
element was used t o  concent ra te  heat  wi th in  the l i q u i d  metal t r a n s f e r  
zone and provide the s t e e p e s t  poss ib le  temperature gradient  i n  t h i s  
region.  
C. Summary of Resul ts  
Small tantalum carbide  c r y s t a l s  were grown using both the  i r r e v e r-  
s ib le  and equi l ibr ium approaches. The c r y s t a l s  appeared a s  small  octahe-  
drons (F ig .  24) or a s  cubes (F ig .  25) .  The l a r g e s t  c r y s t a l s ,  approxi-  
mately 0.2 mm, were grown i n  a n  aluminum m e l t  using an  A 1  0 c r u c i b l e  
and i r r e v e r s i b l e  growth techniques.  Growth on seeds of hot-pressed 
2 3  
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tantalum carbide ,  and tantalum carbide  boules, and on probes of g raph i t e ,  
tantalum, or aluminum oxide i n s e r t e d  i n t o  the s o l u t i o n s  was not  success-  
f u l .  
Spontaneous nuclea t ion  and continuous d i s t r i b u t i o n  of f i n e  tantalum 
carbide  c r y s t a l s  throughout t h e  s o l u t i o n  was t h e  major f a c t o r  preventing 
growth on seed c r y s t a l s .  This  d i s t r i b u t i o n  of f i n e  tantalum ca rb ide  
c r y s t a l s  throughout the s o l u t i o n  was v e r i f i e d  by sampling menstruums 
dur ing  growth experiments. Spectrographic a n a l y s i s  of these  samples i n-  
dica ted  t h a t  the tantalum concent ra t ion  was much higher  than t h e  tantalum 
carbide  equi l ibr ium concent ra t ion  would permit.  Further  tests of men- 
st ruums w i t h  l a r g e r  a d d i t i o n s  of tantalum (12 a t .  $) using X-ray f l u o r-  
escence a n a l y s i s  ind ica ted  higher apparent  tantalum contents  i n  the so lu-  
t i o n s .  In  a l l  cases  the  measured tantalum f r a c t i o n  was nea r ly  equal  t o  
the  tantalum f r a c t i o n  i n i t i a l l y  placed i n  the  c r u c i b l e .  The r e s u l t s  a r e  
summarized i n  Tables V and V I .  
Table V 
TANTALUM CONTENT BY SEMIQUANTITATIVE EMISSION 
SPECTROGRAPHIC ANALYSIS OF CARBON-SATURATED 
L I Q U I D  METALS I N  CONTACT WITH TANTALUM CARBIDE 
Run N o .  
38 
39 
43 
I n i t i a l  TaC 
Addition 
( w t  % I  
1.5 
1.5 
1.5 
Liquid 
Metal 
I ron  
Nickel 
Aluminum 
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Equi l ib ra t ion  
Period 
(hours ) 
1 
1 
6 
24 
1 
1 
6 
24 
1 
Ta Content 
of Sample 
2 .o 
1.5 
2.5 
2.5 
1.25 
2 .o 
2.5 
2.5 
n i l  
( w t  % I  
Table V I  
TANTALUM CONTENT BY X-RAY FLUORESCENT SPECTROGRAPHIC 
I N  EQUILIBRIUM WITH TANTALUM CARBIDE 
ANALYSIS OF CARBON-SATURATED L I Q U I D  METALS 
Run No. 
46 
47-2 
Liquid Add i t i on 
13.8 
15 
I ron 
Nickel 
Period of Sample 
1 
6 
24 
1 
3 
6 
24 
12.2 
12.5 
12.5 
15.3 
13.5 
21.1 
12.8 
I 
X-ray d i f f r a c t i o n  analyses  a f t e r  quenching samples proved t h a t  t h e  excess 
tantalum was i n  the form of tantalum carbide  r a t h e r  than d issolved t an-  
talum. These tests, which were done on a number of samples taken a t  
various times i n  d i f f e r e n t  so lu t ions ,  proved the  occurrence of a cont in-  
uous d i s t r i b u t i o n  of f i n e  tantalum ca rb ide  i n  the  s o l u t i o n .  T h i s  condi- 
t i o n  prevented an e f f e c t i v e  concent ra t ion  gradient  and supersa tu ra ted  
region i n  the  s o l u t i o n  surrounding the  seed, which a r e  required f o r  growth 
t o  occur.  Baf f l ing  t o  r e t a r d  convective mixing of t h e  menstruum was con- 
s ide red  t o  be imprac t i ca l .  
Hot-pressed tantalum carbide  bodies tended t o  d i s i n t e g r a t e  a t  g ra in  
boundaries i n  metal s o l u t i o n s  and provide p a r t i c l e s  f o r  d i spe r s ion .  
Tantalum carbide  melted boules, which became a v a i l a b l e  l a t e r  i n  the  pro- 
gram a s  a r e s u l t  of the  melt-growth experiments, d issolved uniformly but  
nuc lea t ion  and d i spe r s ion  of f i n e  tantalum carbide  c r y s t a l s  i n  the  so lu-  
t i o n  was s t i l l  s u f f i c i e n t  t o  prevent c r y s t a l  growth on seeds .  
Platinum and i r o n  were used a s  so lven t s  i n  TSM experiments. P l a t i -  
num was used because i t  has a higher s p e c i f i c  g r a v i t y  than tantalum c a r-  
bide,  a condi t ion  wi th  some experimental advantages. Platinum possesses 
appreciable  s o l u b i l i t y  f o r  tantalum and some s o l u b i l i t y  f o r  carbon. Two 
tantalum carbide  s e c t i o n s  were separa ted  by the  l i q u i d  metal so lvent  
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within  a c r u c i b l e  and subjec ted  t o  a s t e e p  temperature g rad ien t .  These 
experiments d i d  not  produce s i g n i f i c a n t  t r anspor t  of tantalum ca rb ide  
from one i n t e r f a c e  t o  the o the r  i n t e r f a c e  i n  ei ther  i r o n  or platinum, 
probably because of inadequate s o l u b i l i t y  of the d i f f u s i n g  components. 
Stockbarger experiments us ing  an i r o n  s o l u t i o n  i n  a tapered  boron 
n i t r i d e  c r u c i b l e  f a i l e d  t o  produce l a r g e  s i n g l e  c r y s t a l s  of tantalum 
carbide .  
D . Conclusions 
Because of the low s o l u b i l i t y  of tantalum and carbon i n  equi l ibr ium 
w i t h  tantalum carbide  i n  l i q u i d  metal s o l u t i o n s  and the i n a b i l i t y  t o  
c o n t r o l  spontaneous nuclea t ion  of tantalum carbide  c r y s t a l s ,  growth of 
l a rge  s i n g l e  c r y s t a l s  s u i t a b l e  for physica l  p roper t i e s  measurement by 
t h e  s o l u t i o n  growth technique was not  found t o  be f e a s i b l e .  
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V I  ANALYTICAL PROCEDURES AND RESULTS 
A l l  t h e  carbide  powders used i n  c r y s t a l  growth experiments were 
secured from Wah Chang Corporat ion,  Albany, Oregon. Typical  spectro-  
graphic analyses  of carbide  s t a r t i n g  m a t e r i a l s  are shown i n  Table V I I .  
Resu l t s  a r e  given for TaC, HfC, 4W0 HfC/6Wo TaC, and 2W0 HfC/8Wo TaC. 
Because of the  h igh  zirconium content  of the  hafnium ca rb ide ,  some 
c r y s t a l  growth experiments were conducted us ing  a spect rographic  grade 
of hafnium carbide  which was f r e e  of zirconium. 
produce any change i n  c r y s t a l  growth behavior. 
However, t h i s  d id  not  
A. Impurity Analysis 
I n  Table V I 1 1  a spect rographic  a n a l y s i s  oft  impur i t i e s  i n  a t y p i c a l  
tantalum carbide  boule is compared wi th  the  a n a l y s i s  of the  s t a r t i n g  
powder used t o  grow the  boule.  Although these  analyses  were conducted 
by d i f f e r e n t  l a b o r a t o r i e s ,  t h e  agreement i s  q u i t e  good. There is  no 
evidence of an inc rease  i n  impurity content ,  wi th  the  poss ib le  exception 
of tungsten,  n ickel ,  and t i tanium, and these  d i f f e r e n c e s  appear t o  be 
wi th in  experimental  e r r o r .  
B. Carbon Content by L a t t i c e  Parameter Measurement 
The u s e  of precise l a t t i c e  parameter measurements t o  determine ca r-  
bon s to ichiometry  has  been mentioned. The experimental procedure was t o  
grind a s e c t i o n  of each boule, usua l ly  t h e  upper port ion,  i n  a smal l  
mortar.  The r e s u l t i n g  powder sample was examined by X-ray d i f f r a c t i o n  
i n  t h e  back r e f l e c t i o n  region us ing  a back r e f l e c t i o n  focusing camera 
or a Debye-Scherer camera. 
s i g n i f i c a n t  f i g u r e s  us ing  standard f i l m  reading and da ta  reduct ion  pro- 
cedures.  This  w a s  done for every worthwhile tantalum carbide boule.  
L a t t i c e  parameters var ied  between 4.418 A and 4.435 A and 
L a t t i c e  parameters were determined t o  four  
0 0 
r e s p e c t i v e l y ) .  For a g r e a t  many of t h e  boules t h e  l a t t i c e  
0 
parameter was very c l o s e  t o  4.430 A (TaCoas0). 
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T a b l e  vfz  
ANALYSIS OF CURRENT CARBIDE STARTING MATERIALS (ppm) 
1 November 1966 
Impur i ty  
A1 
B 
Cb (Nb) 
Cd 
c o  
C r  
c u  
F e  
Mg 
Mn 
M o  
N i  
0 
Pb 
S i  
Sn 
Ta 
T i  
V 
W 
Zn 
N 
C , w t  .% 
c,at.%* 
Zr 
TaC 
<10 
< 1  
<50 
< 1  
< 5  
15 
<lo 
70 
<10 
<10 
<lo 
<lo 
179 
< 5  
30 
<lo 
-- 
<lo 
<lo 
-- 
<lo 
132 
6.16 
49.5 
<50 
HfC 
< 25 
5 
<loo 
< 1  
-- 
175 
< 40 
520 
< 10 
< 10 
10 
10 
2720 
< 5  
< 40 
< 10 
4 0 0  
175 
< 5  
< 20 
-- 
-- 
5.97 
47.5 
3.15 w t . %  
40% HfC 
60% TaC 
500 
10 
490 
< 1  
< 5  
<10 
15 
380 
<10 
<lo 
10 
40 
3400 
< 5  
30 
<10 
-- 
<lo 
<10 
-- 
<lo 
55 
6.28 
50 
-- 
i c  Apparent  atom p e r c e n t  s i n c e  f r e e  carbon i s  i n c l u d e d .  
20% HfC 
80% TaC 
20 
5 
-- 
< 5  
<10 
<20 
<40 
150 
<20 
<20 
4 0  
4 0  
790 
<20 
<40 
<20 
-- 
<50 
<20 
-- 
<50 
35 
6.06 
48.6 
-- 
M a t e r i a l  Wah Chang Lot  N o .  
Tantalum c a r b i d e  SP106526B 
Hafnium c a r b i d e  SP8662A 
40% hafnium c a r b i d e  60% t an ta lum c a r b i d e  SP866 17A 
2046 hafnium c a r b i d e  80% t an ta lum c a r b i d e  SP8 66 15B 
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Table V I 1 1  
ANALYSIS OF TANTALTJM CARBIDE STARTING POWDER AND ARC-VERNEUIL BOULE 
Impurity 
A1 
B 
Cb (W 
Cd 
co  
C r  
cu 
Fe 
Mg 
Mn 
Mo 
Ni 
0 
Pb 
S i  
Sn 
T i  
V 
W 
Zn 
N 
Z r  
Powder* 
( PPm 1 
< 10 
< 1  
< 50 
< 1  
< 5  
15 
< 10 
70 
< 10 
< 10 
< 10 
< 10 
179 
< 5  
30 
< 10 
< 10 
< 10 
Not repor ted  
< 10 
13 2 
< 50 
Boule (3/9/67) t 
( PPm) 
20 
n i l  
200 
n i  1 
10 
10 
10 
80 
20 
40 
20 
70 
N o t  repor ted  
< 10 
60 
20 
300 
10 
100 
< 50 
Not repor ted  
< 50 
* Wah Chang Analysis of Lot SP106526B. 
j- Analysis by Meta l lu rg ica l  Laboratories ,  Inc., San Francisco.  
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C. Impurity Analysis a t  Grain Boundaries (Microprobe) 
A t y p i c a l  tantalum carbide  boule conta in ing g r a i n  boundaries was 
examined by e l e c t r o n  microprobe a n a l y s i s  a t  Mater ia ls  Analysis Company, 
Palo A l t o ,  C a l i f o r n i a .  The c r y s t a l  specimen was mounted and polished 
a t  the I n s t i t u t e ,  and s e l e c t e d  spots on g r a i n  boundaries, subgrain boun- 
dar ies ,  and a t  g r a i n  boundary nodes were marked w i t h  microhardness i n-  
den ta t ions .  The procedure was t o  place two microhardness inden ta t ions  
on e i t h e r  s i d e  of the g r a i n  boundary or subgrain boundary, and t o  mark 
g ra in  boundary nodes w i t h  three inden ta t ion  marks equal ly  spaced about 
the  node c e n t e r .  Before microprobe a n a l y s i s ,  the specimen su r face  was 
l i g h t l y  polished t o  remove t h e  e t c h  r e l i e f  without obscuring the  inden- 
t a t i o n  marks. Location of the  microprobe e l e c t r o n  beam on the prese lec ted  
spot  was f a c i l i t a t e d  by the indenta t ion  marks. The c o r r e c t  l o c a t i o n  of 
the  mircroprobe a n a l y s i s  was subsequently confirmed by metal lographic 
examination of the spot  formed on the  specimen by the e l e c t r o n  beam. 
Grain boundaries were microprobed a t  four  d i f f e r e n t  spo t s  and an 
e l e c t r o n  beam spot  s i z e  of from 1 t o  1-1/2 p, diameter was used i n  each 
a n a l y s i s .  A l l  elements of Atomic N o ,  14 ( S i )  and higher were included 
i n  t h e  spectro- scans made a t  each s p o t .  Except for tantalum, no elements 
were de tec ted  i n  the  analyses .  The l i m i t s  of d e t e c t i o n  f o r  some of the  
p o t e n t i a l  g r a i n  boundary impurity elements a r e  given i n  Table I X .  These 
l i m i t s  of d e t e c t i o n  a r e  given i n  terms of t h e  smal l  region s t imula ted  by 
t h e  beam ra the r .  than t h e  e n t i r e  specimen. 
Table I X  
LIMITS OF DETECTION ON MICROPROBE ANALYSIS OF TaCOes 
T i  
Mg 
N i  
Zn 
L i m i t  of Detect ion 
( w t  %I Element 
0.1 
0.2 
0.2 
0.2 
S i  
Fe 
0.1 
0.1 
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c 
The r e s u l t s  i n d i c a t e  t h a t  a l l  t h e  impurity e lements  above A t o m i c  
No. 14 are d i s so lved  i n  t h e  c r y s t a l  and do not  segregate  a t  g ra in  boun- 
d a r i e s .  Thus, impurity segregat ion w a s  ru led  out  as  a probable cause 
of t h e  nuc lea t ion  of new g r a i n s .  
D .  Metallographic Specimen Prepara t ion  
Metallographic po l i sh ing  procedures f o r  the  carbide  boules  cons i s ted  
of t h e  following: (1) hand gr inding on 600- grit  s i l i c o n  ca rb ide  paper,  
(2) po l i sh ing  wi th  a 6-micron diamond on a P o l i t e x  Pre-P.S. c l o t h  (Geo- 
science  Instrument Corp.) , and (3) pol i sh ing  wi th  0.25 p diamond us ing  
an automat ic  v i b r a t o r y  Syntron l a p  and the  P o l i t e x  Pre-P.S. c l o t h .  A l -  
though o t h e r  e t c h a n t s  were occas ional ly  used,  s u p e r i o r  r e s u l t s  were ob- 
ta ined  wi th  the  fol lowing procedures. Tantalum carbide  boules were 
immersed i n  t h r e e  p a r t s  HNO and one p a r t  HF. Hafnium carbide  boules 
w e r e  immersed i n  t h r e e  p a r t s  HC1,  one p a r t  HNO and one p a r t  HF, which 
l e f t  the  su r face  s t a i n e d .  The sample was then swabbed wi th  one p a r t  
H 0 and one p a r t  NH OH t o  remove t h e  s t a i n .  
3 
3'  
2 4 
E .  O r i e n t a t i o n  of C r y s t a l s  
Boules were or ien ted  f o r  c r y s t a l  c u t t i n g  us ing  back- ref lec t ion Laue 
photographs. Each boule w a s  c r o s s  sect ioned near  i t s  cap and a t t ached  
t o  a s i n g l e  c r y s t a l  goniometer wi th  hard wax. The f i r s t  Laue photograph 
w a s  taken w i t h  t h e  boule a x i s  p a r a l l e l  wi th  the X- ray beam. Because a 
[ loo]  d i r e c t i o n  is usua l ly  w i t h i n  20° of the boule a x i s ,  t h e  required 
r o t a t i o n s  of t h e  c r y s t a l  t o  b r i n g  the  (100) f a c e  perpendicular  t o  t h e  
X- ray beam could u s u a l l y  be es t imated from the  f i r s t  Laue photograph and 
a 100 stereogram. F i n a l  alignment of t h e  (100) face  wi th in  2" o f t e n  re- 
quired a second and t h i r d  c o r r e c t i o n  i n  the  al ignment,  each followed by 
a Laue photograph. Once t h e  (100) f a c e  was a l igned ,  t h e  goniometer was 
removed from t h e  X-ray machine and mounted on a diamond cut- off  machine. 
A c u t  p a r a l l e l  wi th  the  (100) f a c e  was taken whi le  t h e  c r y s t a l  remained 
mounted t o  t h e  goniometer and wi thout  f u r t h e r  adjustment.  Or ien ta t ion  
of t h e  c u t  f a c e  w a s  v e r i f i e d  by another  Laue photograph taken wi th  the  
c u t  f a c e  normal t o  t h e  X-ray beam. Fur the r  cu t s  were taken us ing t h e  
(100) d i f f r a c t i o n  p a t t e r n  t o  i n d i c a t e  t h e  o r i e n t a t i o n  of perpendicular  
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[ l l O ]  and {loo] planes ,  i .e.,  planes o r ien ted  90' from the  (100) f a c e .  
A l a r g e  number of Laue photographs were required i n  process ing boules .  
A molybdenum X- ray tube and Polaroid  f i l m  were used t o  reduce the  ex- 
posure t i m e  f o r  each photograph t o  one minute. 
Laue photographs were a l s o  used t o  confirm tha t  the boules  were 
s i n g l e  c r y s t a l s .  T h i s  was done by comparing s e v e r a l  Laue photographs 
taken a t  d i f f e r e n t  l o c a t i o n s  on the c r y s t a l .  
Laue photographs a l s o  gave information on the e x t e n t  of misorienta-  
t i o n  of subgrains  wi th in  a given c r y s t a l .  A s  an example, t h e  two Laue 
photographs shown i n  F i g .  26 were taken from d i f f e r e n t  a r e a s  of the same 
(100) f a c e  of a tantalum carb ide  c rys ta l .  While there is l i t t l e  m i s -  
o r i e n t a t i o n  i n  the  upper photograph, the lower photograph shows a smear 
of p o i n t s  for each d i f f r a c t i n g  plane caused by d i f f r a c t i o n  from s e v e r a l  
subgrains ,  each w i t h  a s l i g h t l y  d i f f e r e n t  o r i e n t a t i o n .  The t o t a l  m i s -  
o r i e n t a t i o n  spread i n  t h i s  region w a s  approximately 3'. 
t i o n  of subgrains  shown i n  F i g .  26 a l s o  appears t o  have a sys temat ic  
t rend w i t h  a l l  t h e  p o i n t s  on a s t r a i g h t  l i n e .  T h i s  s i t u a t i o n  was f a i r l y  
common and i n  the  case  shown it can be explained by r o t a t i o n  about a 
<110> a x i s .  S imi la r  simple o r i e n t a t i o n  r e l a t i o n s h i p s  between g r a i n s  
wi th in  boules  were a l s o  observed. 
The misorienta-  
Severa l  s i n g l e  c r y s t a l  b a r s  of TaC w i t h  a l l  f a c e s  c u t  p a r a l l e l  
0.9 
t o  [loo] are shown, be fore  po l i sh ing ,  i n  Fig .  27. 
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FIG. 26 TWO LAUE PHOTOGRAPHS OF A (100) SURFACE OF TaC,., 
SHOWING INCREASED MlSORl ENTATION OF SUBGRAINS 
IN THE LOWER PHOTOGRAPH 
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t 
FIG. 27 Taco,, CRYSTALS WITH ALL FACES CUT PARALLEL TO (100) 
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V I 1  ELASTIC CONSTANTS OF TaCOmSO 
Because of t h e i r  h igh degree of symmetry, cubic  c ry s t a l s  have only 
and C corresponding t h r e e  independent e l as t i c  cons tan t s  : Cll ,  C12, 
with d i l a t i o n  normal t o  the  stress, perpendicular  t o  the  stress, and i n  
by measuring shear .  These e l a s t i c  cons tan t s  were determined for TaC 
the  v e l o c i t y  of an u l t r a s o n i c  pu l se  generated by a quar tz  t ransducer  and 
t ransmi t t ed  through t h e  test c r y s t a l .  I n  the  pulse-echo technique,  the  
sound is r e f l e c t e d  from t h e  rear su r face  of t h e  c r y s t a l  back t o  t h e  
t ransducer .  In the  double t ransducer  technique,  one t ransducer  is used 
t o  i n i t i a t e  the  pu l se  whi le  t h e  o t h e r  is  used a s  a d e t e c t o r  a t tached t o  
the rear su r face .  Both methods were used with’TaC 
equal  success .  Longitudinal  v e l o c i t i e s  w e r e  determined wi th  b e t t e r  
r e p r o d u c i b i l i t y  than were the  t r ansverse  v e l o c i t i e s .  
12  
44’ 
0.90 
c rys t a l s  wi th  
0.90 
V e l o c i t i e s  w e r e  measured i n  the  < 100 > a n d  < 110 > d i r e c t i o n s  
boule.  The dens i ty  
0.90 using two s i n g l e  c r y s t a l s  c u t  from t h e  same TaC 
of t h e s e  c r y s t a l s  c a l c u l a t e d  from t h e i r  composition and l a t t i c e  param- 
e ter  is 14.65 g c m  . Both c r y s t a l s  w e r e  c a r e f u l l y  c u t  and polished so  
t h a t  t h e i r  f r o n t  and back f a c e s  were p a r a l l e l  wi th in  0.3% of t h e i r  sep- 
a r a t i o n  d i s t a n c e  and normal t o  t h e  < 100 > and < 110 > d i r e c t i o n s ,  
r e s p e c t i v e l y ,  wi th in  lo, a s  determined by Laue photographs. The t rans-  
ducers  were a t t ached  wi th  Nonaq stopcock grease .  
-3 
The long i tud ina l  v e l o c i t y  V and t h e  t w o  t r ansverse  (shear)  L 
v e l o c i t i e s ,  V 
d e n s i t y  p according t o  t h e  following r e l a t i o n s :  
f o r  < 100 > : 
and Vt  a r e  r e l a t e d  t o  t h e  e l a s t i c  cons tan t s  C . .  and 
1J 13 T 
- 2 
pvL - cll 
- 2 2 PVT = PVt - c44 
7 1  
2 for < 110 > : pv, = (Cll + C ) / 2  + C44 12 
2 
PVT = (Cll - C12)/2 
were a s  fol lows:  0.90 The measured v e l o c i t i e s  for TaC 
< 100 > VL = 5.88 + 0.07 km/sec - 
< 100 > and < 110 > V = 2.32 + 0.10 km/sec - t 
V = 5.02 i 0.07 km/sec - L 
V = 3.76 km/sec (1 reading) . 
T 
The ca l cu la t ed  e l a s t i c  cons tan t s  a r e  compared i n  Table X with 
14 
da ta  on T i c ,  a l s o  obtained with an u l t r a s o n i c  pulse technique. 
Table X 
ELASTIC CONSTANTS OF Taco. 
-2 
dynes c m  ) 
1 4  
T i C  90 E l a s t i c  Constant 
cll I 5*00 1 5.05 (+ 2%) - 
I 
 .OO ll 
c44 
0.79 (+ %) 1.75 
0.73* 1.13 
0 . 9 l t  (+25%) 
12 
( E s t .  1 
2 * From: PVL < llo > = (Cll + C12)/2 + C44. 
? From: PVT < llo > = (Cll - C12)/2. 2 
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V I 1 1  RECOMMENDED ADDITIONAL WORK ON PHYSICAL PROPERTIES 
Because of t h e  i n t e r e s t  i n  h igh temperature aerospace a p p l i c a t i o n s  
of tantalum carb ide ,  a study of p l a s t i c  deformation i n  TaC c r y s t a l s  
generated under the  p resen t  program is recommended. This program should 
include a study of t h e  s t r e s s - s t r a i n  r e l a t i o n s h i p s ,  determination of 
t h e  c r i t i c a l  resolved shear  stress dependence on temperature and s t r a i n  
ra te ,  and determinat ion of s l i p  s y s t e m s .  
suggested as  the  experimental  technique b e s t  s u i t e d  t o  the  a v a i l a b l e  
c ry s t a l s .  By c o r r e l a t i n g  hot  compression t e s t i n g  wi th  ho t  microhard- 
n e s s  t e s t i n g  on s i n g l e  c r y s t a l s  of TaC it may be poss ib le  t o  esti- 
mate t h e  behavior of tantalum monocarbide s i n g l e  c r y s t a l s  conta ining 
higher  carbon concen t ra t ions  from ho t  microhardness tests performed on 
p o l y c r y s t a l l i n e  tantalum carb ide .  
0.9 
Hot compression loading15 is  
0.9’ 
E f f o r t  should a l s o  be d i r e c t e d  t o  t h e  development of d i f f u s i o n a l  
procedures,  a t  temperatures g r e a t e r  than 25OO0C, f o r  a l t e r i n g  the  car-  
bide c r y s t a l  s to ichiometry  wi th in  the  s i n g l e  phase composition range.  
The use  of hot  hardness t e s t i n g  a s  a tool i n  such i n v e s t i g a t i o n s ,  a s  
w e l l  a s  ho t  compressive t e s t i n g ,  should provide a considerable  advance 
i n  understanding of ca rb ide  behavior.  
* 
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APPENDIX A 
VAPORIZATION AND STOICHIOMETRY I N  REFRACTORY CARBIDES - 
A LITERATURE REVIEW 
A cons iderable  amount of l i t e r a t u r e  da ta  has accumulated on vapori-  
z a t i o n  r a t e s ,  composition of vapors, and changes i n  composition f o r  var-  
ious  ca rb ides  a t  e levated  temperatures.  I n  t h e  course of t h i s  program 
t h i s  information was evaluated and app l i ed  t o  the growing of s i n g l e  
c r y s t a l s  of hafnium carbide ,  tantalum carbide ,  and their  s o l i d  s o l u t i o n s .  
I .  Tantalum Carbide 
A .  Vapor Pressure 
The va lues  f o r  t o t a l  vapor pressure  of tantalum carbide,  e s s e n t i a l l y  
, a r e  17 carbon, a s  c a l c u l a t e d  from vapor iza t ion  data by Hoch" and Coffman 
i n  agreement, and a r e  shown a s  a s i n g l e  l i n e  i n  Fig.  28; however, t h e  
r e s u l t s  have the inherent  experimental disadvantage t h a t  the vapor pres-  
sure  decreases  with decrease i n  carbon concent ra t ion ,  and the  r e s u l t s  a t  
t h e  higher temperatures a r e  f o r  a lower average carbon r a t i o  than a r e  
those obtained a t  the  lower temperatures. The l i n e s  ca lcu la ted  by 
Kaufman18 a t  46 and a t  50 a t .  '$ carbon have a s t e e p e r  s lope than the  ex- 
perimental  d a t a .  The curves have been ex t rapo la ted  t o  temperatures 
around 370OoC (3973'K). 
16,17 
The e f f e c t  of sample composition on the vapor pressure  can be seen 
more e a s i l y  i n  Fig. 29, which g ives  t h e  vapor pressures  of tantalum and 
carbon a t  273OoC (30OOOK) and 40OO0C (4273'K). T h i s  should be compared 
w i t h  the  phase diagram i n  Fig .  1. 
f o r  the s o l i d  a r e  taken f r o m  Kaufrnanl8 f o r  t h e  range of 4 1  t o  50 a t .  '$ 
carbon. The o the r  vapor pressure  curves a r e  es t imated  from the e x t r a-  
polated da ta  of Fig. 28 and should be considered a s  schematic r a t h e r  
The vapor p ressu re  data  a t  273OoC 
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than a s  having the  c o r r e c t  magnitude. The vapor pressure  curves t h a t  
would apply i f  m o u l t ' s  law were obeyed a r e  shown, and the curves for 
the  l i q u i d  a t  40OO0C a r e  shown a s  dev ia t ing  less than t h e  vapor pressure  
curves for the s o l i d  a t  273OOC. 
B. Vaporizat ion Rate 
1. Previous S tud ies  
Most of t h e  vapor iza t ion  s t u d i e s  repor ted  i n  t h e  l i t e r a t u r e  t o  
d a t e  have been performed i n  vacuum and a l l  have been below t h e  tempera- 
t u r e  of t h e  TaC-C e u t e c t i c ,  which occurs a t  about 330OOC. 
vacuum by Hoch" from 196OoC (2233'K) t o  249OoC (2763'K) and Coffman 
Studies  i n  
17 
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from 2360'C (2633'K) t o  3110'C (3383'K) agree." 
Coffman a t  the  h igher  temperatures a r e  for a lower average carbon r a t i o  
than those  a t  the  lower temperatures.  
i z a t i o n  r a t e s ,  and h i s  da ta  a r e  shown i n  Fig. 30 f o r  tantalum carbide  
conta in ing 46 and 50 a t .  % carbon. These data  r e q u i r e  a cons iderable  
ex t rapo la t ion  t o  reach t h e  melt ing point  of about 3800'C (4073'K). The 
most r ecen t  experimental da ta  a r e  those by Deadmore.' Note t h a t  a l l  of 
the  da ta  i n  Fig. 30 a r e  f o r  the  t o t a l  vapor iza t ion  r a t e  and do no t  d i s -  
t i n g u i s h  d i f f e r e n c e s  i n  vapor iza t ion  r a t e s  of carbon and tantalum from 
tantalum ca rb ide .  
The data  by Hoch and 
Kaufman18 has c a l c u l a t e d  the  vapor- 
8 I n  a second repor t  on vapor iza t ion  r a t e s  i n  r e f r a c t o r y  carbides ,  
Deadmore experimental ly confirmed t h a t  carbon vaporizes much more rap id ly  
than tantalum from tantalum ca rb ide .  A t  t h e  h ighes t  temperature s tudied ,  
2600'C (2873'K), the vapor iza t ion  r a t e  of carbon was n ine  t i m e s  t h e  vapor i-  
za t ion  r a t e  of tantalum. T h i s  leads  t o  dep le t ion  of carbon and a gradual  
reduct ion  i n  the t o t a l  evaporat ion r a t e  ( sum of both  components). 
Vaporizat ion i n t o  an i n e r t  atmosphere was s tud ied  by Kempter 
and Nadler" from 1890'C (2163'K) t o  332O0C (3593'K). 
l i shed  only the  decrease i n  the  molar r a t i o  of C/Ta and did  not  publ ish  
weight loss .  Assuming t h a t  t h e  loss of tantalum was n e g l i g i b l e  r e l a t i v e  
t o  carbon, w e  can c a l c u l a t e  vapor iza t ion  r a t e s .  
However, t hey  pub- 
(Fries" discusses  
Kempter's da ta  on niobium carbide  and gives  t h e  l o s s e s  i n  weight percent;  
these r e s u l t s  a r e  from 1.1 t o  2.0 t i m e s  the values  t h a t  w e  c a l c u l a t e  from 
t h e  decrease i n  carbon.) 
data a t  2715'C (2988'K) t o  3320'C (3593'K) a r e  p l o t t e d  i n  Fig .  30, but  
these should be considered a s  approximate va lues .  The vapor iza t ion  r a t e  
i n  an i n e r t  atmosphere should roughly p a r a l l e l  t h a t  i n  vacuum i n  t h e  
temperature range up t o  about 3200'C. A l s o  both r a t e s  should have a 
gradual ly  decreas ing  s lope  a s  the temperature approaches t h e  b o i l i n g  
point ,  owing t o  a decrease i n  the  r a t e  of d i f f u s i o n  and i n  t h e  e f f e c t  of 
t h e  vapor iza t ion  products,  a c t i n g  a s  a d i f f u s i o n  b a r r i e r .  The vaporiza-  
t i o n  r a t e  i n  vacuum would have a g r e a t e r  decrease than t h a t  i n  an i n e r t  
The vapor iza t ion  r a t e s  ca lcu la ted  from Kempter's 
a tmosphere . 
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2. E f f e c t  of Specimen Shape, Gas Composition, and Pressure 
I n  a d d i t i o n  t o  temperature and sample composition, o the r  f ac-  
t o r s  t h a t  in f luence  t h e  vapor iza t ion  r a t e  inc lude  the  diameter or shape 
of the  sample, t h e  composition of the  i n e r t  gas, and the pressure  of the 
i n e r t  gas .  
Fonda 23’24 f o r  tungsten f i laments .  
t i l i z a t i o n  occurs by d i f f u s i o n  of the gaseous molecules through a s t a g-  
nant f i l m  i n  which the equi l ibr ium composition i s  present  a t  the s o l i d -  
gas i n t e r f a c e ,  and t h e  concent ra t ion  of the  v o l a t i l i z i n g  spec ies  may be 
n e g l i g i b l e  a t  t h e  ou te r  boundary of t h e  f i lm.  I f  v o l a t i l i z a t i o n  occurs 
from a f i lament ,  the  r a t e  inc reases  w i t h  decrease i n  diameter owing t o  
a decrease i n  t h e  f i l m  th ickness  or t o  a lower p r o b a b i l i t y  t h a t  a given 
atom e n t e r i n g  the  gaseous f i l m  w i l l  r e t u r n  t o  t h e  s o l i d  (or l i q u i d )  su r-  
face .  
These f a c t o r s  have been s tud ied  by Jones e t  a1.22 and by 
In  general ,  they consider  t h a t  .vola- 
The equation r e l a t i n g  the f i lament  diameter t o  vapor iza t ion  
r a t e  is  
constant  
m=iiTzqF 
where m = vapor iza t ion  r a t e ,  a = f i lament  diameter,  and b = gas f i l m  
diameter.  
where B is t h e  f i l m  th ickness  over a plane su r face  (a value of 0.43 c m  
was used) .  23 
2 . 1 t i m e s  t h a t  of a 1-cm-diameter wire, while  the  1 - c m  w i r e  has an evap- 
ora t ion  r a t e  c l o s e  t o  t h a t  of a f l a t  su r face .  The vapor iza t ion  from a 
t i p  of a rod would be a f f e c t e d  s i m i l a r l y .  Since t h e  boules i n  carbide  
m e l t  growth were a t  l e a s t  0.5 c m  diameter,  t h i s  f a c t o r  d i d  not  have a 
s i g n i f i c a n t  e f f e c t  on vapor iza t ion .  Close spacing of the blunted carbon 
The value  of b i s  ca lcu la ted  from the  equation In b/a = 2 B/b, 
From t h i s ,  t he  evaporat ion of a 0.2-cm-diameter w i r e  is  
e l e c t r o d e s  f u r t h e r  r e t a rded  the n e t  vapor iza t ion  r a t e .  
The choice of i n e r t  gas has an e f f e c t  on the d i f f u s i o n  c o e f f i-  
c i e n t  which a f f e c t s  t h e  vapor iza t ion  r a t e .  The equation by Wilke and 
Leez5 was used t o  e s t ima te  d i f f u s i o n  c o e f f i c i e n t s .  A knowledge of the  
molecular volume of the  l i q u i d  a t  the  normal b o i l i n g  point  i s  requi red  
but is not known f o r  tantalum. Arb i t r a ry  values of 50 and 100 cc/g-mole 
were used f o r  the molal volume of tantalum and gave l i t t l e  d i f fe rence  i n  
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the ca lcu la ted  values  of t h e  d i f f u s i o n  c o e f f i c i e n t .  The ca lcu la ted  d i f -  
fus ion  c o e f f i c i e n t s  of mixtures of carbon i n  hydrogen or argon and of 
tantalum i n  hydrogen and argon a r e  given i n  Table X I .  In  t h e  case  of 
carbon, the  predominant equi l ibr ium spec ies  is  t r i a t o m i c  carbon, but  
monatomic carbon is  probably v o l a t i l i z e d  from the su r face  of the  s o l i d  
or l i q u i d .  Assuming t h a t  t h e  d i f f u s i o n  c o e f f i c i e n t  for  monatomic carbon 
VO 
(cc/g-mole) 
app l i e s ,  the  use  of argon would g ive  a d i f f u s i o n  c o e f f i c i e n t  of 0.36 of 
t h a t  i n  hydrogen, and presumably the v o l a t i l i z a t i o n  would a l s o  be about 
one- third a s  much. Also, carbon has a s i n g i f i c a n t l y  higher d i f f u s i o n  
c o e f f i c i e n t  than tantalum and would have a higher v o l a t i l i z a t i o n  even i f  
the  decomposition pressures  were equal .  
2 D i n  H 2 
(cm /sec) 
Table X I  
DIFFUSION COEFFICIENTS AT 300OoK 
14.8 
44.4 
5 0  
100 
Carbon 
Tr i a  t omi c 
carbon 
Tan t a lum 
Tantalum 
30.6 
19.7 
16.7 
14.4 
D i n  A r  
( c m  2 /sec) 
11 .o 
5.4 
4.2 
3.2 
2 D i n  H 
D i n  A r  
2.8 
3.6 
4 .O 
4.5 
The e f f e c t  of pressure  of the i n e r t  gas on vapor iza t ion  has 
a l s o  been s tud ied  by F ~ n d a ~ ~  nd the vapor iza t ion  decreased d i r e c t l y  
w i t h  the  pressure  f o r  pressures  g r e a t e r  than 0.15 atm. 
C. Applicat ion t o  M e l t  Growth 
So f a r ,  the  vapor iza t ion  of tantalum carbide  has been discussed i n  
terms of the  e f f e c t  of temperature i n  vacuum, the vapor pressure  of 
tantalum and carbon i n  a sample, the  e f f e c t  of sample diameter,  choice 
of i n e r t  gas, and p ressu re  of i n e r t  gas .  However, most of t h e  data  apply 
below 3000°K, and an  es t ima te  is s t i l l  needed of the  change i n  composi- 
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t i o n  of t h e  sample from t h e  v o l a t i l i z a t i o n  a t  the  melt ing point .  It 
seems b e s t  t o  use  an a r b i t r a r y  f a c t o r  t o  re la te  vapor pressure  t o  vapori-  
z a t i o n  r a t e ,  even though t h i s  may be an order  of magnitude i n  error. 
Based on Fig. 30, t h e  vapor iza t ion  r a t e  i n  helium i s  a f a c t o r  of 100 t o  
1000 less than t h a t  i n  vacuum, or about a f a c t o r  of 10 t o  200 less than 
the  numerical value of the  vapor pressure  i n  atmospheres. The da ta  by 
Fonda showed the  ca lcu la ted  vapor iza t ion  r a t e  of a tungsten 0.2-cm-diameter 
f i lament  t o  be a f a c t o r  of about 1000 less than the  numerical value of 
the  vapor pressure  i n  atmospheres. F o r  the  rough c a l c u l a t i o n  of change 
i n  composition, we s h a l l  assume t h a t  t h e  vapor iza t ion  r a t e  i n  g/cm sec 
is  0.01 of the  numerical value of the  vapor pressure  i n  atmospheres. 
From Fig.  29, t h e  est imated vapor pressure  of carbon over l i q u i d  tantalum 
carbide  i s  about 0.04 atm. a t  46 a t .  % carbon and 0.08 atm. a t  50 a t ,  $ 
carbon. This  g ives  a carbon vapor iza t ion  r a t e  of 0.002 mole/cm /min 
over l i q u i d  tantalum carbide a t  46 a t .  % carbon and 0.004 mole/cm /min 
a t  50 a t .  % carbon. These r a t e s  of l o s s  of carbon might w e l l  be an order  
of magnitude too  high owing t o  the  assumptions t h a t  were made. In addi- 
t i o n ,  changes of the  i n e r t  gas compositions may a l t e r  these  r a t e s  by 
another  order  of magnitude.. 
2 
2 
2 
The add i t ion  of ace ty lene  was expected t o  reduce the  v o l a t i l i z a t i o n  
of carbon markedly. A mixture of 10% acety lene  and 90% argon would pro- 
duce an equi l ibr ium pressu re  of carbon of about 0.022 atm. The vapor 
pressure  of carbon over tantalum carbide  conta in ing 46 a t .  % carbon a t  
40OO0C is 0.04 a t m .  
t o  be i n  equi l ibr ium wi th  10% ace ty lene .  
A sample wi th  about 43 a t .  % carbon i s  est imated 
The r e s u l t s  of these  c a l c u l a t i o n s  ind ica ted  t h a t  the  growth of 
s i n g l e  phase ca rb ide  c r y s t a l s  from the  m e l t  was probably f e a s i b l e .  The 
numbers obtained w e r e  very approximate but  w e r e  c e r t a i n l y  c l o s e  enough 
to des i red  equi l ibr ium values  t o  f o r c e  the  i s s u e  t o  be resolved exper i-  
mental ly.  I t  appeared t h a t  one would be ab le  t o  maintain t h e  carbide  
within t h e  s i n g l e  phase homogeneity range, and maintain s p e c i f i c  composi- 
t i o n s  wi th in  t h i s  range by proper c o n t r o l  of the  gaseous environment and 
the  composition of feed powders. 
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11. Vaporizat ion and Stoichiometry i n  M e l t  G r o w t h  of Hafnium Carbide 
The vapor iza t ion  of hafnium carbide  shows d i s t i n c t  d i f f e r e n c e s  from 
t h a t  of tantalum ca rb ide .  Figure 31 gives  t h e  vapor pressure  and vapori-  
26 7 za t ion  r a t e  da ta  by Coffman and the  vapor iza t ion  r a t e  da ta  by Deadmore 
along wi th  t h e  c a l c u l a t e d  da ta  by Kaufman?' 
Coffman showed t h a t  hafnium i s  the  predominant vapor over HfC, while  
carbon i s  lost  from TaC. However, Deadmore, i n  h i s  second repor t ,8  shows 
t h a t  hafnium and carbon evaporate a t  equal  r a t e s  from HfC. Both Deadmore 
and Coffman i n d i c a t e  t h a t  the t o t a l  vapor iza t ion  r a t e  of hafnium carbide  
a t  i ts  melt ing point  should be g r e a t e r  than t h e  vapor iza t ion  r a t e  of 
tantalum ca rb ide  a t  i t s  melt ing po in t .  Deadmore shows a g r e a t e r  d i f f e r -  
ence i n  vapor iza t ion  r a t e s  of these  compounds. 
The experimental  da ta  by 
The effect of composition (s to ichiometry)  on evaporat ion i n  hafnium 
carbide  systems, ca lcu la ted  by Kaufman, i s  shown i n  Fig .  32, which ind i-  
c a t e s  t h a t  HfC w i t h  49.8 a t .  $ carbon a t  3000'K would be s t a b l e  (composi- 
t i o n a l l y  i n v a r i a n t )  dur ing  v o l a t i l i z a t i o n  i n  vacuum. These c a l c u l a t i o n s  
a r e  supported by Deadmore's f indings .  
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APPENDIX B 
THERMODYNAMIC AND KINETIC CONSIDERATIONS 
I N  SOLUTION GROWTH OF TANTALUM CARBIDE 
I .  Thermodynamic Considerat ions 
Free energy da ta  a r e  shown a s  a func t ion  of r ec ip roca l  temperature 
f o r  a f e w  carb ides ,  inc luding  TaC, i n  Fig.  33.  These data27 a r e  p l o t t e d  
a s  the  log  of the  equi l ib r ium constant ,  or the  l og  of the product of the  
a c t i v i t i e s  of the  r e a c t a n t s  i n  equi l ib r ium w i t h  the  carb ide .  A s  can be 
seen, tantalum carb ide  is  a very s t a b l e  compound and the tantalum a c t i v i t y  
and carbon a c t i v i t y  i n  l i q u i d  metal so lu t ions  i n  equi l ib r ium w i t h  t a n t a-  
lum carb ide  w i l l  be  very low. The product of these a c t i v i t i e s  a t  150OoC 
is (a  ) ( a
c
)  = 3 . 5  x IO -5 . Ta 
Consider the fol lowing cases .  
Case 1. If c r y s t a l  growth involves  (1) a so lven t  metal, ( 2 )  t a n t a-  
lum added t o  the solvent ,  and ( 3 )  r e a d i l y  a v a i l a b l e  carbon (e.g., g r aph i t e  
c r u c i b l e ) ,  the system is  not  s u f f i c i e n t l y  spec i f i ed  i n  terms of t h e  phase 
r u l e  t o  be i n  equi l ib r ium and a r ap id  i r r e v e r s i b l e  r eac t ion  w i l l  proceed 
a t  e leva ted  temperatures,  p r e c i p i t a t i n g  tantalum carb ide .  If the g raph i t e  
c ruc ib l e  is l a r g e  enough, t h e  r eac t ion  w i l l  cont inue u n t i l  an  i n s i g n i f i -  
cant  amount of tantalum disso lved  i n  the  s o l u t i o n  remains. 
Under condi t ions  of excess carbon a t  1500°C, the tantalum a c i t i v i t y  
-5 
w i l l  lower t o  3 . 5  x 10 , s ince  the  carbon a c t i v i t y  is  f ixed  a t  a = 1 
(see Fig.  3 3 ) .  
C 
Case 2. I f  tantalum carb ide  is  added t o  a l i q u i d  metal i n  a g raph i t e  
c ruc ib le ,  i t  w i l l  d i s s o l v e  u n t i l  t h e  tantalum a c t i v i t y ,  a t  1500°C, reaches 
3 . 5  x 10 . With the  a c t i v i t y  c o e f f i c i e n t s  f o r  tantalum t h a t  a r e  expected 
i n  l i q u i d  t r a n s i t i o n  metal's, the tantalum concent ra t ion  w i l l  be below 0.01 
a t .  8, t o o  low t o  achieve apprec iab le  tantalum t r anspo r t  and c r y s t a l  
growth i n  e i t h e r  Case 1 or 2. 
-5 
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Case 3 .  If tantalum carbide  is  used a s  t h e  n u t r i e n t  and an i n e r t  
c r u c i b l e  is  used i n  l i e u  of graphi te ,  then the  tantalum a c t i c i t y  w i l l  be 
r a i sed  considerably while  the  carbon a c t i v i t y  is depressed corresponding- 
l y  when compared w i t h  Cases 1 and 2 .  I n  the  un l ike ly  event t h a t  the 
a c t i v i t y  c o e f f i c i e n t s  for tantalum 
the  a c t i v i t i e s  of tantalum and carbon w i l l  both be equa l  t o  K1 
5.9 x a t  150OOC. Thus, using an  i n e r t  c r u c i b l e  and a tantalum 
carbide  n u t r i e n t  should be more favorable  t o  the mass t r anspor t  of tan-  
talum, without unduly supress ing  the  mass t r anspor t  of carbon, and t h i s  
w i l l  favor  more rap id  c r y s t a l  growth. 
YTa and carbon Y a r e  equal,  then 
, or  1/2 
e 
i 
Tantalum and carbon a c t i v i t i e s  dur ing  growth of tantalum carbide  a t  
150OOC under t h e  three cases  a r e  shown i n  Table X I I .  
t a b l e  i s  t o  i n d i c a t e  the  wide v a r i a t i o n  i n  a c t i v i t i e s  t h a t  w i l l  occur, 
depending on whether sepa ra te  tantalum and carbon sources a r e  present  or 
whether tantalum carbide  i s  the  only source of both solutes.  
The purpose of t h i s  
Table X I 1  
TANTALUM AND CARBON ACTIVITIES DURING GROWTH 
OF TANTALUM CARBIDE AT 15OO0C 
I
M e l t  System I 
Excess tantalum 
and carbon 
c r u c i b l e  (Case 1) 
TaC n u t r i e n t  and 
carbon c r u c i b l e  
(Case 2)  
TaC n u t r i e n t  and 
i n e r t  c r u c i b l e  
(Case 3 )  
Carbo: 
I n i t i a l  
1 
* I f  enough tantalum metal i s  added t o  t h e  m e l t  t o  s a t u r a t e  it, then a = 1. 
t Provided t h a t  Y = Yc. 
Ta The tantalum a c t i v i t y  w i l l  be reduced for smal ler  add i t ions .  
Ta 
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Although a c t i v i t y  c o e f f i c i e n t s  a r e  unknown for tantalum i n  any 
l i q u i d  metal,  t he  mole f r a c t i o n s ,  Xi, of tantalum and carbon i n  s o l u t i o n  
a r e  r e l a t e d  t o  their  a c t i v i t i e s :  
a = YiXi i 
Since t h e  goa l  of t h i s  i n v e s t i g a t i o n  was t o  grow l a r g e  c r y s t a l s ,  it 
appeared d e s i r a b l e  t o  l i m i t  the  supersa tu ra t ion  (excess concent ra t ion)  
of tantalum or carbon w i t h  r e spec t  t o  tantalum carbide  i n  order t o  pre- 
vent excess ive  nuc lea t ion .  If both excess tantalum and excess carbon 
a r e  present  i n  the  m e l t  system ( i r r e v e r s i b l e  c a s e ) ,  a so lvent  wi th  low 
s o l u b i l i t y  of one or both r e a c t a n t s  i s  requi red  t o  prevent excessive 
supersa tu ra t ion .  Conversely, i f  a tantalum carbide  n u t r i e n t  i s  used 
without a tantalum source ( r e v e r s i b l e  case ) ,  a so lvent  w i t h  a high t an ta-  
lum s o l u b i l i t y  (low a c t i v i t y  c o e f f i c i e n t )  is requi red  t o  inc rease  the 
tantalum concent ra t ion  t o  a high enough l e v e l  t o  secure adequate mass 
t r anspor t  r a t e s  i n  the  s o l u t i o n .  
Some a d d i t i o n a l  cons idera t ions  for  t h e  growth of tantalum carbide  
c r y s t a l s  i r r e v e r s i b l y  from d i l u t e  s o l u t i o n s  and reve r s ib ly  using a tan-  
talum carbide  n u t r i e n t  a r e  contained i n  the  fol lowing s e c t i o n s .  
11. Low S o l u b i l i t y  Solvents  for I r r e v e r s i b l e  Growth of Tantalum Carbide 
Because the  entropy of the s o l u t i o n  is g r e a t e r  than t h a t  of the  
segregated s o l i d  phases, higher temperatures usua l ly  favor higher so lu-  
b i l i t i e s .  Therefore an inc rease  i n  temperature causes a decrease i n  
chemical p o t e n t i a l  of the  s o l u t e ,  which can only be o f f s e t  by increased 
s o l u t i o n  of the s o l u t e  component. Since, f o r  the  i r r e v e r s i b l e  case, 
moderately low s o l u b i l i t i e s  a r e  being sought, an examination of tantalum 
and carbon s o l u b i l i t i e s  near  the  melt ing po in t s  of s e v e r a l  l i q u i d  metals  
provides a guide t o  u s e f u l  so lvent  systems. Tantalum s o l u b i l i t y  
data a r e  presented i n  Table X I I I ,  and carbon s o l u b i l i t y  da ta  a r e  shown 
i n  Table X I V .  
28-30 
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Table X I 1 1  
TANTALUM SOLUBILITIES NEAR MELTING POINTS 
28-30 OF L I Q U I D  METALS 
Solvent 
Aluminum 
I ron  
Nickel  
S i l i c o n  
Tin 
Temperature Tantalum S o l u b i l i t y  Tantalum Source 
("c> ( W t  4) 
2680 0.15 TaA13 
1534 >2 0 TaFe2 
1453 X O  TaNi3 
14 05 > 6  TaSi2 
Unknown low 
Table X I V  
28-30 CARBON SOLUBILITIES I N  LIQUID METALS 
Solvent 
Chromium 
Coba It 
Copper 
Iron 
Molybdenum 
Nicke 1 
S i  1 icon 
Aluminum 
Tin 
Carbon So lub  i lit y 
( W t  %I 
3 .O 
2.9 
<.001 ( 1400°C) 
4.26 
-3.5 
2.1 
3-4 (23OOOC) 
2 . 5 ~ 1 0 - ~  ( 1413°C) 
Unknown low 
Unknown low 
91 
E u t e c t i c  Temperature 
("c> 
1498 
13 00 
-- 
1153 
2200 
13 18 
14 13 
I t  appears t h a t  t h e  t r a n s i t i o n  metals  a r e  ei ther  t o o  r e f r a c t o r y  or 
have high s o l u b i l i t i e s  f o r  tantalum and carbon. Lower s o l u b i l i t i e s  a r e  
expected i n  metals  from groups IB, I I B ,  I I I A ,  IVA, and VA. I n  most 
cases  the  s o l u b i l i t y  w i l l  probably be too l o w .  T h i s  condi t ion  was ob- 
served wi th  t i n .  The e f f e c t i v e  solvent  p roper t i e s  obtained with a binary 
m e l t  conta in ing a so lvent  i n a c t i v e  metal, e.g., t i n ,  and a so lvent  a c t i v e  
metal, e.g.,  i ron ,  a r e  t o o  complex for a n a l y s i s  or even specula t ion  w i t h -  
out experimental d a t a .  W e  have observed experimental ly t h a t  t h e  10% 
i r o n  
111. 
then 
and 90% t i n  a l l o y  is an a c t i v e  so lvent  for  carbon and tantalum. 
Equilibrium Growth Using a Tantalum Carbide Nutr ient  and a Thermal 
Gradient 
If TaC i s  the  sole 60urce f o r  both tantalum and carbon i n  so lu t ion ,  
their concent ra t ions  must be equal  i n  order  t o  maintain a mass 
balance rega rd less  of d i f f e r e n c e s  i n  t h e i r  r e spec t ive  a c t i v i t y  c o e f f i -  
c i e n t s .  The c o r o l l a r y  t o  t h i s  i s  t h a t  their a c t i v i t i e s  need not  be equal .  
The a c t i v i t y  product (a ) (a 1, and not the  ind iv idua l  a c t i v i t i e s ,  i s  
governed by the  TaC equi l ibr ium constant  K Ac t iv i ty  c o e f f i c i e n t s  of 
carbon i n  s e v e r a l  l i q u i d  metals  have been determined, b u t  no a c t i v i t y  
c o e f f i c i e n t  da ta  f o r  tantalum or hafnium were found dur ing  a l i t e r a t u r e  
search.  
'Zr 
Y = 4 .  I f  one ignores  i n t e r a c t i o n s  i n  the  t e rna ry  iron-carbon-tantalum 
s y s t e m  and p r e d i c t s  y - then concent ra t ions  of tantalum and carbon 
i n  l i q u i d  i r o n  can be ca lcu la ted .  This was done and the  r e s u l t s  a r e  
graphed i n  Fig.  34.  Calculated values based on u s e  of an i n e r t  c r u c i b l e  
a r e  compared w i t h  values based on using a g raph i t e  c ruc ib le ;  a = 1. The 
upper and lower curves represent  the  carbon s o l u b i l i t y  and tantalum solu-  
b i l i t y ,  r e spec t ive ly ,  when a g raph i t e  c r u c i b l e  is employed. T h i s  i s  t h e  
equi l ibr ium s i t u a t i o n  without free tantalum a d d i t i o n s .  Two values of the  
tantalum a c t i v i t y  c o e f f i c i e n t  a r e  used, 
cases  t h e  tantalum s o l u b i l i t y  is below 1% a t  p r a c t i c a l  m e l t  temperatures. 
32 
Experience w i t h  S i c  c r y s t a l  growth has shown t h a t  a s o l u b i l i t y  approach- 
ing 1% is d e s i r a b l e  t o  ob ta in  reasonable growth r a t e s  w i t h  the thermal 
gradient  method. 
C Ta 
1' 
The a c t i v i t y  c o e f f i c i e n t  of zirconium31 i n  l i q u i d  i ron  i s  
= 0.011. The a c t i v i t y  c o e f f i c i e n t  of carbon i n  l i q u i d  i r o n  is  
C 
Ta - YZr? 
C 
= 0.01 and y = 1. I n  both 
'Ta Ta 
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c 
For equi l ibr ium d i s s o l u t i o n  and regrowth of TaC, s to ich iomet r i c  
cons ide ra t ions  r e q u i r e  the carbon and tantalum concent ra t ions  i n  the  
s o l u t i o n  t o  be equal:  
c = c  = e i  
C Ta 
T h i s  requirement assumes t h a t  t h e r e  a r e  no chemical s i d e  r eac t ions ,  i n  
the  m e l t  or with  t h e  c r u c i b l e  or atmosphere, t h a t  remove e i t h e r  tantalum 
or carbon. Equation (33-3) and the  equi l ibr ium condi t ion  provide the  follow- 
ing r e l a t i o n :  
2 -1 Y C . = K  'Ta C 1 
and 
Ac t iv i ty  c o e f f i c i e n t s  usua l ly  vary s l i g h t l y  with temperature, bu t  vary 
considerably w i t h  concent ra t ion .  
I V .  K ine t i c s  of C r y s t a l  G r o w t h  
The r a t e  of c r y s t a l  growth can be no g r e a t e r  than t h e  r a t e  of t r a n s-  
port  of tantalum and carbon i n  the  metal  so lu t ion .  I f  f l u i d  mixing, 
caused by e i t h e r  thermal convection or mechanical s t i r r i n g ,  i s  neglected,  
the t r a n s p o r t  r a t e  J i s  given by F ick ' s  f i r s t  d i f f u s i o n  equation:  
d C  J = D -  dx 
where D is  t h e  s o l u t e  d i f f u s i o n  c o e f f i c i e n t  i n  the  l i q u i d  metal so lu t ion ,  
C i s  the  s o l u t e  concent ra t ion ,  and x is the d i f f u s i o n  d i s t a n c e ,  Under 
s teady s t a t e  c r y s t a l  growth the d i f f u s i o n  equation is: 
D (Ch - C,f 
J =  
6C 
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where C is t h e  concent ra t ion  a t  the  higher temperature source, C is 
the  concent ra t ion  i n  t h e  l i q u i d  adjacent  t o  the  growing c r y s t a l ,  and 
6 is t h e  d i s t a n c e  between the  source and t h e  c r y s t a l .  For the  e q u i l i -  
brium growth of TaC i n  a chemically i n e r t  c ruc ib le ,  t h e  source is  usua l ly  
TaC chips  l y i n g  on the  c r u c i b l e  bottom while the  c r y s t a l  i s  located  near  
the  m e l t  meniscus. Thus, 6 is equal  t o  the l i q u i d  depth.  When concen- 
t r a t i o n  C is expressed i n  atomic percent ,  the  d i f f u s i o n  c o e f f i c i e n t  D i n  
c m  /sec and the  t r anspor t  r a t e  J i n  cm/sec, for d i l u t e  s o l u t i o n s  equation 
(B-4) i s  approximately 
h 1 
C 
C 
2 
Some reasonable e s t ima tes  of most of t h e  parameters i n  Equation 
(B- 5) can be made. 
t u r e s  a r e  s i m i l a r ,  D 10 cm /sec. The d i f f u s i o n  d i s t ance  is  l i m i t e d  
by f r e e  convection (without s t i r r i n g )  t o  6 FS 1 cm,  even though a c t u a l  
melt depths a r e  s l i g h t l y  g r e a t e r  than 1 c m .  
t a l  growth r a t e  dependence on the  concent ra t ion  d i f f e r e n c e  from source 
t o  c r y s t a l  can be est imated using Equation (B- 5):  
Dif fus ion  c o e f f i c i e n t s  i n  l i q u i d s  a t  high tempera- 
-4 2 
On t h i s  b a s i s  the TaC c r y s-  
-6 J = 10 (Ch - C1) cm/sec 
0.86 (Ch - C1) mm/day 
Forced s t i r r i n g  w i l l  i nc rease  the  growth r a t e  considerably,  but t h i s  is  
not always convenient and there may be undes i rable  chemical r eac t ions  
w i t h  t he  stirrer. 
P l o t s  of equi l ibr ium concent ra t ion  C versus t h e  a c t i v i t y  c o e f f i -  i 
c i e n t  product (Y Y ) based on Equation (B- 2)  a r e  shown f o r  various tem- 
pe ra tu res  i n  Fig. 3 5 .  I n  order t o  maximize t h e  carbon and tantalum con- 
c e n t r a t i o n  and t h e  c r y s t a l  growth r a t e ,  a l i q u i d  metal s o l u t i o n  t h a t  pro- 
vides t h e  lowest va lue  of (Y Y ) must be sought.  Superimposed on t h e  
concent ra t ion  curves of Fig.  35 a r e  t w o  curves r ep resen t ing  the  values 
of (Y 
Ta C 
Ta C 
Y ) ‘required t o  achieve the ind ica ted  c r y s t a l  growth r a t e s  a t  
Ta C 
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FIG. 35 EQUILIBRIUM CONCENTRATION OF Ta AND C AS A FUNCTION 
OF THEIR ACTIVITY COEFFICIENT PRODUCT 
these temperatures.  
ference between source and c r y s t a l .  Using an es t ima te  of Y 
i t  would take  a c r y s t a l  growing temperature of 18OO0C with a 1900°C source 
temperature t o  grow TaC a t  the  r a t e  of 1 mm/day ( see  Fig. 35) .  
These curves a r e  based on a 100°C temperature d i f -  
Fe Fe = 0.06, Ta 'C 
I t  is expected t h a t  the lowest va lues  of Y Y w i l l  be found i n  
those l i q u i d  metals  t h a t  have a high s o l u b i l i t y  f o r  both carbon and tan-  
talum. T h i s  cons ide ra t ion  and t h e  need t o  avoid formation of o the r  car-  
bides  point  t o  the  t h i r d  period t r a n s i t i o n  metals,  vanadium through n i c k e l .  
Although most of these  metals  form carbides ,  t hey  can be  used a t  l e a s t  
p a r t i a l l y  i n  a l l o y s  a t  c r y s t a l  growing temperatures without carbide  f o r -  
mation. The carbide  forming tendency decreases when going from vanadium 
t o  n i c k e l .  With the  exception of i ron ,  l i t t l e  i s  known about t h e  carbon 
a c t i v i t y  i n  d i l u t e  s o l u t i o n s  of carbon i n  t h e s e  l i q u i d  metals .  However, 
p red ic t ions  a s  t o  whether t h e  carbon a c t i v i t y  c o e f f i c i e n t  i s  more or less 
than the carbon a c t i v i t y  c o e f f i c i e n t  i n  l i q u i d  i r o n  can be made from the  
Ta C 
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effect of these metals  a s  a l l o y i n g  elements on t h e  a c t i v i t y  c o e f f i c i e n t  
of carbon i n  l i q u i d  iron a l l o y s .  
dium and chromium a d d i t i v e s  have the  d e s i r a b l e  e f f e c t  of decreas ing  the  
a c t i v i t y  c o e f f i c i e n t  of carbon. 
33 s i m i l a r  e f f e c t .  
These da ta  a r e  shown i n  Fig.  36. Vana- 
Managanese, not  shown i n  Fig.  36, has a 
2 t -  i 
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FIG. 36 EFFECT OF ALLOYING ELEMENTS ON ACTIVITY COEFFICIENT 
OF CARBON IN LlQUlD IRON AT 156OoC FOR DILUTE 
SOLUTIONS OF CARBON IN IRON (after El l iott3' )  
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